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1 Introduction 
1.1 The cytoskeleton of mammalian cells 
Actin is one of the most abundant and highest conserved proteins and together with 
microtubules and intermediate filaments it constitutes the cytoskeleton of mammalian 
cells. The cytoskeleton does not solely stabilize the shape of cells, but is involved in 
processes as diverse as cell migration, endocytosis, intracellular transport, cell division 
and adhesion. In order to fulfill their manifold functions, all three cytoskeletal 
compounds polymerize into filaments, which assemble into three-dimensional arrays. 
In contrast to the rigid skeleton of vertebrates, the cytoskeleton is highly dynamic 
enabling rapid adjustments in response to extracellular or intracellular signals (Blain, 
2009). 
Intermediate filaments are encoded by 70 genes and share a common domain 
organization. In higher eukaryotes two distinct intermediate filament systems are found. 
In the cytoplasm vimentin filaments contribute to the maintenance of the mechanical 
integrity of the cell, whereas in the nucleus lamin filaments form the nuclear envelop 
beneath the nuclear membrane (Herrmann et al., 2007). In contrast to microtubules 
and actin filaments, intermediate filament proteins are filamentous and assemble into 
apolar and flexible filaments (Herrmann et al., 2009). 
The microtubule network provides the tracks for intracellular cargo transport, plays an 
important role in cell migration and is crucial for the separation of chromosomes in cell 
division as the mitotic spindle is built by microtubules. Microtubules consist of 13 
protofilaments which are composed of linear α/β-tubulin dimers associating head-to-
tail. In eukaryotic cells microtubules are nucleated at the microtubule organizing center 
(MTOC) to which the minus end of the filaments stays attached (Etienne-Manneville, 
2010).  
The actin cytoskeleton is built of globular actin monomers, which polymerize into 
single, helical filaments that are arranged into various supramolecular structures such 
as lamellipodia, filopodia and stress fibers. These and other actin filament assemblies 
are essential for diverse biological functions including cell migration and adhesion, 
membrane trafficking, endocytosis, contractile ring formation and the entry and 
intracellular movement of pathogens (Blain, 2009; Disanza et al., 2005; Firat-Karalar 
and Welch, 2011).  
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1.2 Actin polymerization 
Actin exists in two distinct forms: as monomeric actin (G-actin) or as polymerized 
filamentous actin (F-actin). De novo nucleation of actin filaments requires the formation 
of actin seeds. Though actin filaments form spontaneously under in vitro conditions, 
actin polymerization is largely inhibited in the cytoplasm of cells. The rate limiting step 
in vivo is the assembly of actin dimers and trimers, as these actin nuclei are highly 
unstable and the pool of actin monomers is sequestered by G-actin binding proteins 
such as profilin (Qualmann and Kessels, 2009).  
Actin is an ATPase that is bound to ATP or the hydrolyzed form ADP+Pi. ATP-actin 
monomers are incorporated into growing filaments and eventually ATP is hydrolyzed by 
actin. Upon disassembly of the filament, actin-ADP is released into the cytoplasm, 
because ATP hydrolysis reduces the affinity of actin monomers for the filament. In the 
cytoplasm actin-ADP rapidly releases the nucleotide and is again loaded with ATP, 
thereby providing a constant pool of incorporable actin monomers (Carlsson, 2010).  
 
Figure 1-1: Actin filament structure and steady state actin treadmilling 
A B 
(A) Structure of an actin filament. The actin filament can either be described as a single left-
handed short-pitch helix (black line), or as a right-handed long-pitch helix (red lines) 
(Dominguez, 2009). (B) ATP-loaded actin monomers are incorporated at the barbed end of an 
actin filament. Near the pointed end, ATP is hydrolyzed and ADP-actin monomers dissociate 
from the actin filament at the pointed end (Pantaloni, Clainche, and Carlier, 2001). 
In actin filaments, actin subunits are arranged into a double helix (Figure 1-1A), which 
allows an incoming actin monomer to connect to two subunits in the actin filament. 
Thus, in contrast to formation of actin dimers and trimers, the elongation of existing 
actin filaments can be strongly exothermic, which explains spontaneous filament 
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polymerization upon nucleation of an actin seed (Carlsson, 2010). Structurally, it is also 
possible to describe the actin filament as a single left handed short-pitch helix (Figure 
1-1A), with consecutive lateral subunits staggered with respect to one another by half a 
monomer length (Dominguez, 2009).  
Actin filaments are polar structures with a fast growing barbed end and a slow growing 
pointed end. This asymmetry is caused by the structure of G-actin molecules and by 
the distribution of ATP- versus ADP-loaded actin monomers (Bugyi and Carlier, 2010). 
The critical concentration, which is defined as the concentration of equal assembly and 
disassembly, is lower at the barbed end (0.1 µM) than at the pointed end (0.6 µM). 
Thus, newly incorporated ATP-actin is enriched at the barbed end and hydrolyzed 
ADP+Pi-actin accumulates at the pointed end (Pollard, Blanchoin, and Mullins, 2000). 
Polymerization at either end of the actin filament occurs when the G-actin 
concentration in solution is higher than the critical concentration. At steady-state, when 
the actin concentration equals or exceeds the critical concentration of the barbed end 
but at the same time is lower than the critical concentration at the pointed end, the 
disassembly at the pointed end is as fast as the assembly on the barbed end. Hence, 
the filament length stays constant but the filament moves in the direction of the barbed 
end due to addition of actin monomers at one end and their removal on the other end 
(see Figure 1-1B). This phenomenon is called “actin treadmilling” and is essential for 
forward movement e.g. in cell migration. In structures such as lamellipodia or filopodia, 
actin polymerization and depolymerization are tightly regulated and depend on various 
modifying and actin-binding proteins in order to fulfill their functions (Bugyi and Carlier, 
2010) (see below). 
1.3 Actin-dependent structures 
Actin filament arrangements are crucial for many different cellular processes. One 
major role of actin is to form protrusive structures such as lamellipodia and filopodia, 
adhesive structures like focal adhesions and podosomes or providing contractile 
structures in concert with myosin such as stress fibers. Ultrastructures vary from lose to 
dense meshworks of actin filaments in the lamella or lamellipodia, respectively, to 
highly organized actin filament bundles in filopodia or stress fibers. 
1.3.1 Lamellipodia 
Cell migration was initially described as a three-step cycle. First, the protrusion of the 
membrane on the leading edge pushes the cell forward; second, the membrane 
adheres to the substratum; and third, the cell contracts by means of actomyosin 
structures, which pushes the cytoplasm to the front of the cell. All three steps occur in a 
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concerted and simultaneous fashion, thus all mechanisms engaged have to be tightly 
regulated (Abercrombie, 1980). The leading edge of a cell, called the lamellipodium, is 
on average an 0.1-0.2 µm thick and 1-5 µm wide layer of cytoplasm enclosed by the 
plasma membrane and filled with a dense meshwork of actin filaments that passes into 
the less dynamic lamella (Figure 1-2) (Ladwein and Rottner, 2008; Small et al., 2002). 
The fast growing barbed ends of actin filaments abut the plasma membrane at the tips 
of lamellipodia and constantly elongate providing the force for leading edge protrusion 
(Small, Isenberg, and Celis, 1978).  
 
Figure 1-2: Dynamic actin structures in a migrating fibroblast cell. 
In cells, the main membrane protrusions are lamellipodia, filopodia and ruffles. At the leading 
edge, criss-crossed actin filaments, which are continuously nucleated and elongated at the 
front, provide the force to push the cell forward. Bundled actin filaments are present in 
microspikes embedded into the lamellipodium and in filopodia. Both in the periphery and on the 
dorsal side of cells lamellipodia can fold upwards resulting dependent on the location in 
peripheral or circular dorsal ruffles. Dynamic F-actin is indicated as gradient in red (Ladwein and 
Rottner, 2008). 
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To keep the width of the lamellipodium constant, actin filaments are disassembled at 
the pointed ends, allowing the filaments to treadmill. This was, for instance, 
demonstrated using FRAP experiments, in which lamellipodia of EGFP-actin-
expressing cells were bleached. The recovery of fluorescence was restricted to the tips 
of lamellipodia (Lai et al., 2008) demonstrating that actin incorporation takes place 
directly at the membrane, as was already described by Wang (Wang, 1985). A key 
regulator of lamellipodia formation and maintenance is the small Rho-GTPase Rac1. In 
its active, GTP-loaded state, it binds to and thus activates the WAVE-complex, a 
nucleation promoting factor (NPF) known to activate the actin nucleator Arp2/3 
complex (see 5.1). It is well established that actin filaments in the lamellipodium are 
generated through nucleation via the Arp2/3 complex (Pollard and Borisy, 2003), still 
the exact mechanism and the resulting filament arrangements at the leading edge are 
discussed controversially. Supported by in vitro experiments, in which the Arp2/3 
complex forms branched actin filaments with an angle of 70° (Blanchoin et al., 2000; 
Pantaloni, Clainche, and Carlier, 2001), and electron microscopy (EM) images of 
lamellipodia obtained after the critical point drying method (Svitkina and Borisy, 1999), 
the dendritic nucleation model was established. According to this model, the 
lamellipodial actin filaments are a highly branched and thereby interconnect the actin 
network (Pollard, 2007). Recent work has challenged this model with data generated 
using negative stain (Koestler et al., 2008) and Cryo-EM techniques in combination 
with electron tomography (Urban et al., 2010), in which no indications for branched 
actin filaments in lamellipodia were detected. The results from Svitkina and 
collaborators were mostly attributed to the sample preparation, thought prone to 
introduce distortions into actin networks such as fusion of crossing actin filaments into 
branching filaments. Additional studies are needed to resolve this controversy and 
shed light on the ultrastructural arrangements of lamellipodial actin filaments in three 
dimensions. 
1.3.2 Circular dorsal ruffles 
A second Arp2/3-dependent actin structure is the circular dorsal ruffle or dorsal wave 
(Figure 1-2). As the name implicates, this structure is formed on the dorsal plasma 
membrane of the cell and occurs spontaneously in cultured cells, but can also be 
induced, for instance, by stimulation with growth factors including platelet-derived 
growth factor (PDGF), epidermal growth factor (EGF) or hepatocyte growth factor 
(HGF) as well as bacterial compounds such as Internalin B (InlB) (Chinkers, McKanna, 
and Cohen, 1979; Dowrick et al., 1993; Mellstrom, 1983; Shen et al., 2000). The 
molecular machinery potentially participating in dorsal ruffle formation includes kinases 
such as receptor-tyrosine kinases and PAK1, the Rho-GTPases Rac and Cdc42, the 
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actin nucleator Arp2/3 complex and the NPFs N-WASP and cortactin (Buccione, Orth, 
and McNiven, 2004; Dharmawardhane et al., 1997; Krueger et al., 2003; Orth, Krueger, 
and McNiven, 2003). Dorsal ruffles form transiently for 5 to 20 min after stimulation, 
then the structure contracts and closes. Upon closure, macropinosomes are formed 
implicating a role for dorsal ruffles in rapid receptor internalization and uptake of 
extracellular fluids (Dowrick et al., 1993; Orth, Krueger, and McNiven, 2003).  
1.3.3 Filopodia and microspikes 
Besides lamellipodia, cells form an additional protrusive actin-dependent structure, 
called filopodium (Figure 1-2). These rod-like structures are rich of parallel actin 
filaments and vary in diameter between 100 and 300 nm (Faix et al., 2009). Filopodia 
can develop from microspikes, actin bundles that are embedded into but do not project 
beyond the lamellipodium, and are able to move laterally in the lamellipodium. 
Microspikes are thought to provide stability inside the lamellipodium, and in contrast to 
filopodia the existence of a lamellipodium is per definition a prerequisite for microspike 
formation.  
As in lamellipodia, the protrusive force of filopodia is generated by actin polymerization 
at their tips. Filopodia participate in numerous physiological processes such as cell-cell 
adhesion, wound healing and embryonic development. In general, filopodia serve as 
“tentacles” sensing the environment. For instance, the filopodia of macrophages were 
shown to scan the environment for pathogens, and neuronal growth cones use 
filopodia for the recognition of and the guidance to chemoattractants (Faix and Rottner, 
2006; Mattila and Lappalainen, 2008). 
It is still controversial which components are essential for filopodia formation. Initial 
work implied a pathway, in which the small Rho-GTPase Cdc42, a trigger for filopodia 
formation, activates the NPF N-WASP leading to Arp2/3-dependent actin filament 
nucleation of filopodial filaments (Svitkina et al., 2003). However, knockdown of Arp2/3 
complex refuted this connection and also demonstrated the formation of filopodia in the 
absence of lamellipodia (Nicholson-Dykstra and Higgs, 2008; Steffen et al., 2006). 
After the discovery of formin family proteins, actin nucleating and elongating proteins 
localizing to the tips of filopodia (see 1.1.7), more and more evidence accumulates that 
filopodia are established via de novo nucleation of actin filaments, although at least in 
some cell types actin filaments from lamellipodia seem to be able to converge into 
filopodia (Mattila and Lappalainen, 2008). 
6 
                                                                                                     Introduction 
1.3.4 Stress fibers 
Myosin II and actin filaments form a contractile structure found in non-muscle cells, 
called stress fibers. Stress fibers are composed of 10 to 30 actin filaments, which are 
bundled into cables e.g. by the crosslinking protein α-actinin (Cramer, Siebert, and 
Mitchison, 1997). α-actinin binds to stress fibers in a periodic fashion and alternates 
with bands containing non-muscle myosin II and tropomyosin, a pattern reminiscent of 
myofibrils in muscle cells. Stress fiber formation is induced by the Rho-GTPase RhoA 
(Paterson et al., 1990) and is antagonized by Rac1 (Rottner, Hall, and Small, 1999), 
the activation of which triggers the disassembly of actomyosin filaments and the 
formation of lamellipodia (Wildenberg et al., 2006). Additionally, Rac1 was also shown 
to induce the phosphorylation of myosin-II heavy chain, presumably by PAK kinases, 
which leads to loss of contractility and a release of actin filaments allowing reassembly 
into the lamellipodial actin network (van Leeuwen et al., 1999). 
Stress fibers are either connected at both ends to focal adhesions or are attached to 
one focal adhesion and polymerize to the dorsal side of the cell. Additionally, also 
transverse arcs are found that keep in contact with the substratum via dorsal stress 
fibers (Small et al., 1998). The contractile force provided by the interplay between actin 
and myosin in stress fibers is crucial for retraction of the cell body during migration (Jay 
et al., 1995) and for the maintenance of cell tension and shape (Chrzanowska-
Wodnicka and Burridge, 1996).  
1.3.5 Focal adhesions and podosomes 
In order to spread and move on a surface, cells have to connect to the substratum. In 
most cells focal adhesions are formed, which interact with the extracellular matrix via 
transmembrane adhesion receptors of the integrin family (Wiesner, Legate, and 
Fässler, 2005). Intracellular, a multiprotein complex is formed linking the extracellular 
matrix to the actin cytoskeleton (Figure 1-3). Examples for these actin-integrin linking 
proteins are talin (Horwitz et al., 1986), kindlin (Montanez et al., 2008), zyxin (Zaidel-
Bar et al., 2003), vinculin (Humphries et al., 2007) and paxillin (Turner, Glenney, and 
Burridge, 1990), as well as actin bundling proteins like α-actinin (Pavalko and Burridge, 
1991) or actin elongators such as VASP (Haffner et al., 1995). Another key player is 
focal adhesion kinase (FAK), a non-receptor tyrosine kinase shown to regulate focal 
adhesion disassembly by phosphorylation of target proteins (Gardel et al., 2010).  
New focal contacts are constantly formed underneath lamellipodia and disassembled at 
the rear of moving cells (Giannone et al., 2007). The turnover of focal adhesions is 
crucial for migration as it allows the cells to dynamically attach to the substratum. A 
specialized adhesion structure, the podosome, is found in macrophages, osteoclasts 
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smooth muscle cells and v-Src transformed fibroblasts. In contrast to focal adhesions, 
which need up to 20 min for their formation (Gardel et al., 2010) podosomes have a 
life-span of only 2 to 4 min allowing faster cell migration and rapid attachment/ 
detachment cycles (Destaing et al., 2003). In osteoclasts, podosomes are involved in 
the formation of a sealing ring, which constitutes an isolated compartment in which 
bone is degraded. In some invasive cancer cells podosome-like structures are found, 
referred to as invadopodia according to their promotion of cancer invasion (Albiges-
Rizo et al., 2009). Podosomes consist of an actin-rich core containing proteins of the 
actin nucleation machinery such as WASP and N-WASP, Arp2/3 complex and 
cortactin, surrounded by a ring of adhesion molecules found in focal adhesions e.g. 
integrin, talin, zyxin, vinculin and paxillin (Figure 1-3) (Gimona and Buccione, 2006). 
 
Figure 1-3: Actin distribution in focal adhesions, podosomes and invadopodia. 
Focal adhesions, podosomes and invadopodia are anchored to the substratum via adhesion 
molecules (black spheres). Focal adhesions display prominent actin bundles expanding into the 
cell, whereas in podosomes an adhesive ring (R) surrounds a dynamic actin core (C). 
Invadopodia resemble podosome organization, although actin cores are less dense (Gimona 
and Buccione, 2006, adapted). 
By secretion of metalloproteases that are delivered to the podosomes in vesicles 
transported through kinesins via the microtubule network (Wiesner et al., 2010), 
podosomes are able to degrade the extracellular matrix as exemplified by the bone 
resorption activity of osteoclasts.  
1.4 Rho-GTPases 
Rho-GTPases are small proteins with a molecular mass of approximately 20 to 25 kDa 
that cycle between an active, GTP-bound, and an inactive, GDP-bound state. The 
activity of Rho-GTPases is strictly controlled to ensure local and temporal stimulation of 
specific signaling pathways. Guanine nucleotide exchange factors (GEFs) catalyze the 
exchange of GDP for GTP and thereby activate Rho-GTPases. In this conformation 
Rho-GTPases are able to bind their effector proteins and, for instance, release the 
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autoinhibition of N-WASP or activate the WAVE complex (Rohatgi, Ho, and Kirschner, 
2000; Steffen et al., 2004). GTPase-activating proteins (GAPs) bind active Rho-
GTPases and enhance their intrinsic GTP hydrolyzing activity, thus promote their 
inactivation. This is necessary, as the Rho-GTPases only slowly hydrolyze GTP on 
their own, and their activity may has to be shut down quickly after the decline of an 
intracellular or extracellular signal (Ellenbroek and Collard, 2007; Ridley, 2006). 
Rho-GTPases have a C-terminal CAAX motif, which is the target of posttranslational 
modifications such as farnesylation, geranylgeranylation or palmitoylation. With these 
membrane anchors, Rho-GTPases are able to integrate into membranes where they 
are thought to be activated by GEFs. In the inactive conformation, Rho-GTPases are 
bound by guanine nucleotide dissociation inhibitors (GDIs) that mask the lipid anchor 
and thereby prevent both binding to membranes as well as activation of the Rho-
GTPases (Ellenbroek and Collard, 2007). Upon stimulation with a growth factor GDIs 
are phosphorylated, for instance, by PAK1 or PKC (DerMardirossian, Schnelzer, and 
Bokoch, 2004). Phosphorylation induces conformational changes of the GDIs and 
triggers the release of Rho-GTPases and subsequent activation and effector protein 
binding (DerMardirossian and Bokoch, 2005; Ellenbroek and Collard, 2007; Hoffman, 
Nassar, and Cerione, 2000).  
In humans 20 genes encoding Rho-GTPases were found and those can be subdivided 
into eight subgroups (Gad and Aspenström, 2010). The classical Rho-GTPases from 
the subgroups Cdc42, Rac, Rho and Rif are regulated by their GTPase activity and 
play a role in actin cytoskeleton rearrangement and cell-matrix adhesion. Rac1 is 
known to induce lamellipodia by activating the WAVE complex, whereas RhoA 
antagonizes Rac and induces stress fiber formation. A possible pathway for RhoA-
dependent Rac inhibition was described by Ohta et al., who found that FilGAP, a Rac 
GAP activated by Rho and ROCK decreases Rac activity in membrane protrusions and 
thereby suppresses lamellipodia maintenance (Ohta, Hartwig, and Stossel, 2006). 
Cdc42-expression was shown to promote filopodia formation and Cdc42 can also 
cross-talk to Rac (Ellenbroek and Collard, 2007). One study claimed that activation of 
Rac downstream of Cdc42 depended on Cool-2, a GEF for Cdc42 and Rac. Upon 
binding of active Cdc42, the affinity for GDP-bound Rac was enhanced leading to an 
increase in GEF activity towards Rac (Baird, Feng, and Cerione, 2005). A different 
pathway was proposed in neurons, where the association of Cdc42 with PAR6 and 
PAR3 led to an activation of the Rac GEFs STEF/Tiam1, which was suggested to drive 
Cdc42-induced lamellipodia formation through Rac1 (Nishimura et al., 2005). 
Moreover, Cdc42 activates the NPF N-WASP during clathrin-mediated endocytosis and 
PIP2-induced vesicle movement (Ridley, 2006). 
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1.5 Actin nucleation 
The first steps in the nucleation of an actin filament are the association of two G-actin 
molecules and by subsequent binding of a third actin monomer the formation of an 
actin trimer. In living cells, the formation of these actin dimers and trimers is the rate 
limiting step in actin polymerization, as both structures are highly instable in the 
cytoplasm. To overcome this kinetic barrier, cells employ actin nucleators depicted in 
Figure 1-4. Nucleus formation is either accomplished by mimicking an actin dimer, as 
employed by the Arp2/3 complex, by stabilizing the actin seed like formins or binding 
three to four actin monomers and bringing them in close contact to facilitate nucleus 
formation such as in case of Spir and leiomodin.  
 
Figure 1-4: Different modes of actin nucleation. 
Left: Branched actin filaments are generated through side-binding of the Arp2/3 complex to a 
mother filament and nucleation of a novel filament. The activity of the Arp2/3 complex is 
regulated by NPFs, which activate the Arp2/3 complex through binding with their CA domains 
and deliver G-actin for the nucleation via WH2 domains or profilin-actin via proline-rich domains, 
respectively. After the initiation step the actin filament assembles spontaneously. Middle: Spir, 
Cordon-bleu, leiomodin and JMY nucleate actin filaments by clustering three to four actin 
monomers. While Spir and JMY align G-actin with WH2 domains and a monomer-binding linker 
(MBL), Cordon-bleu and leiomodin form a short-pitch trimer with WH2 domains, tropomyosin 
and actin helices (TMh/Ah) and leucine-rich regions (LRR). Right: Two FH2 domains of formin 
proteins stabilize an actin dimer and stay attached to the growing barbed end. The elongation of 
the actin filament is enhanced by the binding of profilin-bound actin to the FH1 domains, which 
are incorporated at the barbed end (Firat-Karalar and Welch, 2011). 
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1.5.1 The Arp2/3 complex 
The Arp2/3 complex was first purified in 1994 from Acanthamoeba castellanii 
(Machesky et al., 1994) and one year later identified as an actin nucleator (Kelleher, 
Atkinson, and Pollard, 1995). In the Arp2/3 complex, two actin related proteins named 
actin related protein 2 and 3 associate with five additional subunits ArpC1 (p40), ArpC2 
(p34), ArpC3 (p21), ArpC4 (p20) and ArpC5 (p16), the numbers in brackets correspond 
to their size in kDa (Higgs and Pollard, 1999; Machesky et al., 1994). In the active 
conformation, Arp2 and 3 form an actin-like dimer that serves as nucleus for actin 
polymerization. In vitro the Arp2/3 complex nucleates branched actin filaments with an 
angle of 70° by first binding to the side of an existing mother filament followed by the 
nucleation and polymerization of a daughter filament (Figure 1-4) (Mullins, Heuser, and 
Pollard, 1998). Whether the Arp2/3 complex forms branched actin filaments also in vivo 
is controversial, as electron micrographs after gentle sample preparation revealed few 
actin branches (Koestler et al., 2008; Urban et al., 2010), in contradiction with earlier 
findings using alternative methods of sample preparation for electron microscopy (see 
also 1.1.1).  
On its own the Arp2/3 complex has a very low intrinsic nucleation activity and thus 
requires nucleation promoting factors (NPFs) such as WASP or WAVE and related 
proteins for effective nucleation. These proteins bind and activate the Arp2/3 complex 
either through a VCA module in case of class I NPFs or through an acidic domain in 
case of class II NPFs. Additionally, threonine and tyrosine phosphorylation of Arp2 
contribute to the activity of the complex and mediate its binding to pointed ends of actin 
filaments. However, phosphorylation is dispensable for both NPF recruitment and F-
actin side binding (LeClaire et al., 2008). Like actin, also Arp2 and 3 bind ATP and the 
availability of the nucleotide is crucial for nucleation in vitro (Goley et al., 2004). Arp2 
was shown to hydrolyze ATP, which probably contributes to debranching and recycling 
of the complex (Le Clainche, Pantaloni, and Carlier, 2003; Martin, Welch, and Drubin, 
2006) though nucleotide hydrolysis was also implicated in promoting actin nucleation 
(Dayel and Mullins, 2004). During filament nucleation and elongation, the Arp2/3 
complex stays attached to the pointed end of the filament leaving the barbed end free 
for polymerization. Both subunits ArpC2 and ArpC4 mediate the binding to pre-existing 
actin filaments, hence mutations of conserved residues in these subunits reduce the 
nucleation activity of the complex (Rouiller et al., 2008). By using in vitro reconstitution 
of the Arp2/3 complex, the implications of the different subunits in Arp2/3 functions 
could be defined. For the assembly of intact Arp2/3 complex, p20 and p34 were 
essential, which led to the assumption that both subunits constitute the structural core 
of the complex. In contrast, only p21 was shown to be non-essential for nucleation of 
11 
                                                                                                     Introduction 
actin filaments by Arp2/3, whereas p41, p16 and p21 were dispensable for actin 
filament branching (Gournier et al., 2001). 
1.5.1.1 Nucleation promoting factors  
To enhance the nucleation activity of Arp2/3 complex, cells have developed several 
nucleation promoting factors (NPFs) that differ in their Arp2/3 activation mechanism as 
well as in upstream signals leading to their own activation. Two distinct classes of 
NPFs were described so far (Figure 1-5) (Campellone and Welch, 2010). Class I NPFs 
uniformly possess at least one WH2-domain providing an additional actin monomer for 
the Arp2/3 complex in order to form an actin trimer. In contrast, class II NPFs such as 
cortactin lack the actin monomer binding capacity and instead exhibit an F-actin 
binding domain assumed to be involved in stabilizing newly formed actin filaments. 
 
Figure 1-5: Domain organization of nucleation promoting factors. 
Class I NPFs possess a C-terminal VCA domain for the activation of the Arp2/3 complex and 
regulatory domains at the N-terminus in varying number and length. Class II NPFs lack the VCA 
domain and instead harbor an N-terminal acidic domain and actin binding repeats both 
proposed to be essential for Arp2/3 activation. (A: acidic domain, AI: autoinhibitory domain, B: 
basic region, C: central domain, CC: coiled coil domain, CRIB: Cdc42-Rac-interactive-binding, 
L: linker, N: N-terminus, P: polyproline, PRD: proline-rich domain, R: F-actin-binding repeats, 
SH3: Src homology 3, SHD: SCAR homology domain, TBR: tubulin-binding region, W: WASP 
homology 2 domain, WAHD1: WASH homology domain 1, WH1: WASP homology 1 domain, 
WMD: WHAMM membrane interaction domain) (Campellone and Welch, 2010). 
1.5.1.2 Class I NPFs 
The output effector module present in all class I NPFs is the VCA domain (also known 
as WCA or WA domain) at the C-termini of the proteins, which constitutes the shortest 
peptide sufficient for activation of Arp2/3-dependent actin assembly (Machesky et al., 
1999), and consists of three sub-elements (Figure 1-5). The verprolin (V) homology 
domain (more recently called WH2 domain) recruits monomeric actin, which is crucial 
for nucleus formation by Arp2/3, and is found in duplicate in N-WASP and as single 
domain in WASP and WAVE (Padrick and Rosen, 2010). Both the central (C) and the 
acidic (A) region mediate the association with Arp2/3 (Marchand et al., 2001; Zalevsky 
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et al., 2001), and the central domain was shown to associate with the nucleator via an 
amphipathic helix that induces conformational changes essential for its activation 
(Panchal et al., 2003). A conserved tryptophan residue was identified positioned within 
the acidic domain, the mutation of which was described to abolish Arp2/3 binding 
(Marchand et al., 2001). The regulatory domains at the N-termini of NPFs differ 
strongly between each other, which enables Arp2/3-dependent actin assembly at 
distinct compartments in the cell and upon diverse stimuli (Stradal and Scita, 2006).  
The best characterized NPFs are the Wiskott-Aldrich syndrome protein (WASP) and its 
homologue neuronal WASP (N-WASP). The Wiskott-Aldrich syndrome, a severe 
immunodeficiency disorder, is caused by mutations in the WAS gene and was not 
curable until last year, when the Wiskott-Aldrich syndrome was successfully treated 
with genetically modified hematopoietic stem cells (Boztug et al., 2010). WASP 
expression is restricted to hematopoietic cells, whereas N-WASP is ubiquitously 
expressed. Deletion of the latter causes abnormalities in brain and heart and is 
embryonic lethal in mice (Lommel et al., 2001; Snapper et al., 2001). Both WASP and 
N-WASP are implicated in podosome formation, and although WASP-deficient 
macrophages were initially reported to be incapable of podosome formation (Mizutani 
et al., 2002), a recent study demonstrated that N-WASP could compensate the loss of 
WASP (Isaac et al., 2010). Additionally, N-WASP was shown to be part of the 
endocytic machinery, as EGF receptor internalization was impaired in N-WASP- 
deficient cells (Benesch et al., 2005). N-WASP was also shown to mediate PIP2-
induced vesicle movement (Benesch et al., 2002) and is utilized by Shigella for the 
induction of intracellular movement (see 1.1.16).  
Both WASP and N-WASP share the same domain organization with an N-terminal 
WASP homology 1 (WH1) domain, followed by a basic stretch, a GTPase-binding 
domain (GBD), a proline-rich domain (PRD) and the VCA domain. WASP-interacting 
protein (WIP) binds to the WH1 domain in WASP and N-WASP. While WIP-WASP 
interaction protects WASP from degradation (de la Fuente et al., 2007), association of 
WIP with N-WASP keeps the NPF in an inactive conformation (Martinez-Quiles et al., 
2001). The proline-rich domain between the GBD and the VCA constitutes a docking 
platform for SH3 domain-containing proteins, which can also contribute to the activation 
of N-WASP. For instance, Nck, TOCA and Abi1 were found to promote N-WASP 
function (Ho et al., 2004; Innocenti et al., 2005; Tomasevic et al., 2007). Another 
important aspect of N-WASP activation is the interaction with phosphatidylinositol-4,5-
bisphosphate (PIP2), which is mediated by the basic region (Higgs and Pollard, 2000; 
Padrick et al., 2008). 
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In the inactive conformation of N-WASP, the basic region and the GBD are associated 
with the VCA domain and thereby inhibit NPF-Arp2/3 complex interactions. In order to 
release N-WASP from autoinhibition, GTP-loaded Cdc42 binds to the Cdc42-Rac-
interactive-binding (CRIB) motif in the GBD, which induces conformational changes 
that free the VCA domain (Buck, Xu, and Rosen, 2004; Rohatgi, Ho, and Kirschner, 
2000). This allosteric activation of N-WASP activity is further amplified by 
oligomerization, as was shown by Padrick et al. (Padrick et al., 2008). Oligomerization 
of VCA domains or N-WASP molecules could be mediated through chemical 
compounds, cellular adaptor proteins, such as Nck and Grb2 as well as clustering at 
PIP2-rich membranes, which enhanced Arp2/3 activation up to 100-fold compared to 
the isolated NPF. In this study, a second VCA-binding domain of the Arp2/3 complex 
was identified and competition experiments suggested this domain to be identical with 
the cortactin-binding domain, implicating an inhibitory effect of cortactin on Arp2/3 
activation (see also 1.1.6.3).  
Shortly after the discovery of WASP and N-WASP, the WAVE/Scar (WASP-family 
verprolin-homologous protein/suppressor of cyclic AMP repressor) proteins were 
identified, which are expressed in three isoforms in mammals, WAVE1, 2 and 3. In 
contrast to WASP and N-WASP, WAVE proteins are not autoinhibited (Machesky et al., 
1999), but instead are regulated by the incorporation into a heteropentameric complex. 
This WAVE complex consists of WAVE1/2/3, Abi1/2/3, HSPC300, Nap1 and Sra1 
(Eden et al., 2002; Innocenti et al., 2004) and the lack of any of the WAVE complex 
components leads to the degradation of the whole complex (Innocenti et al., 2005; 
Kunda et al., 2003; Steffen et al., 2006). The Scar homology domain (SHD) of WAVE 
binds directly to Abi and HSPC300, which contributes to WAVE complex assembly 
(Gautreau et al., 2004). Carboxy-terminal to the SHD are a basic motive and a proline-
rich region, the latter of which associates with IRSp53, a protein known to bind active 
Rac1 (Miki et al., 2000). Also another component of the WAVE complex, Sra1, is able 
to associate with Rac1 (Kobayashi et al., 1998). The WAVE complex itself is inhibited, 
until Rac binding activates the complex and stimulates Arp2/3-driven actin assembly 
(Chen et al., 2010; Ismail et al., 2009). In addition, phosphorylation (Ardern et al., 2006; 
Danson et al., 2007; Stuart et al., 2006) and apparently also oligomerization (Padrick et 
al., 2008) contribute to full activation of the WAVE complex. Many studies have 
demonstrated that the WAVE-complex is required for cell migration through induction of 
lamellipodia formation downstream of Rac (Kurisu and Takenawa, 2009; Pollitt and 
Insall, 2009; Stradal and Scita, 2006; Suetsugu et al., 2003). Furthermore, the WAVE 
complex was reported to contribute to cell spreading, cell polarization, T cell activation 
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and neuronal guidance (Billadeau, Nolz, and Gomez, 2007; Eden et al., 2002; 
Tahirovic et al., 2010).  
Recently, three novel class I NPFs, WASH, WHAMM and JMY, were discovered. Like 
WAVE, WASH is assembled into a regulatory complex, but specifically activates the 
Arp2/3 complex on endosomes (Derivery et al., 2009; Duleh and Welch, 2010; Gomez 
and Billadeau, 2009) and together with its ability to bind microtubules WASH regulates 
the dynamics and trafficking of vesicles. Moreover, WASH was shown to trigger 
invasion of Salmonella in an Arp2/3-dependent manner, adding to NPFs that are 
exploited by pathogens (Hänisch et al., 2010; Rottner, Hänisch, and Campellone, 
2010).  
Besides interactions with the Arp2/3 complex and actin, WHAMM, an NPF with two 
WH2 domains in the VCA domain, can also bind to microtubules via a coiled-coil 
region. WHAMM localizes to cis-Golgi membranes and the ER-Golgi intermediate 
compartment (ERGIC), implicating a role in membrane transport between the secretory 
organelles (Campellone et al., 2008).  
JMY harbors both a VCA domain activating the Arp2/3 complex and three tandem WH2 
domains plus a monomer-binding linker known from Spire, which enables JMY to 
nucleate actin filaments both in an Arp2/3-dependent and -independent fashion 
(Zuchero et al., 2009). Although the biochemical properties have been studied in detail 
(Zuchero et al., 2009), the cellular role of JMY is still unclear. RNAi experiments 
indicated a role for JMY in cell migration, but JMY knockdown coincided with 
upregulation of E-cadherin, which stabilizes cell-cell adhesion and probably interfered 
with migration efficiency (Coutts, Weston, and La Thangue, 2009). Additional research 
is required in order to fully uncover the cellular roles of the three novel Arp2/3 complex 
activators (see e.g. (Rottner, Hänisch, and Campellone, 2010)). 
1.5.1.3 Class II NPFs 
Class II NPFs differ from those of class I in two important features. On one hand class 
II NPFs have an F-actin binding domain instead of an actin monomer-binding WH2-
domain, and on the other hand they lack the VCA module and use just an acidic 
domain for Arp2/3 recruitment (Figure 1-5). So far, two class II NPFs were identified in 
S. cerevisiae, actin-binding protein-1 (Abp1) (Goode et al., 2001) and Pan1 (Duncan et 
al., 2001), whereas in mammals only cortactin and its hematopoietic homolog 
hematopoietic specific 1 (HS1) were assigned to this class (Schuuring et al., 1998; van 
Rossum et al., 2005b). Cortactin was first identified as a substrate of Src kinase 
(Huang et al., 1997; Wu et al., 1991), which displayed a characteristic double-band in 
SDS-PAGE at 80/85 kDa and was thus named according to the molecular masses as 
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p80/85 (Wu and Parsons, 1993). Cortactin and HS1 share the same domain 
organization. The N-terminus comprises an 84 aa-long region called NTA (N-terminal 
acidic domain), harboring a conserved tryptophan-containing DDW motif (aa 20-22), 
which is also found in class I NPFs. The NTA was shown to bind the Arp2/3 complex 
both in vitro and in vivo (Weaver et al., 2002; Weaver et al., 2001; Weed et al., 2000). 
The F-actin-binding domain located C-terminal to the NTA comprises tandem repeats 
of a 37 aa motif with 6.5 copies in cortactin and 3.5 copies in HS1 (Kitamura et al., 
1989). The fourth repeat was identified to be crucial for actin filament binding of 
cortactin (Weed et al., 2000). At the C-terminus, both cortactin and HS1 contain a 
helical and a proline-rich domain, the latter of which is target for serine and tyrosine 
phosphatases. The SH3-domain at the C-terminus serves as platform for a plethora of 
proteins with proline-rich regions, including in the case of cortactin e.g. WIP, N-WASP 
and dynamin2 (Kinley et al., 2003; McNiven et al., 2000; Weaver et al., 2002).  
In in vitro experiments, cortactin was able to weakly activate the Arp2/3 complex, which 
depended both on binding to the Arp2/3 complex via the NTA and the association with 
filamentous actin mediated by the repeat domain (Uruno et al., 2001; Weaver et al., 
2001). The link between F-actin, the Arp2/3 complex and cortactin was further 
strengthened by the finding that cortactin promotes actin branching by the Arp2/3 
complex and protects newly formed branches from disassembly (Weaver et al., 2001). 
Cortactin is able to bind the Arp2/3 complex simultaneously with N-WASP VCA. It was 
proposed that cortactin binding to activated Arp2/3 promotes the release of VCA and 
thereby enables the activation of a further Arp2/3 complex molecule (Uruno et al., 
2003; Weaver et al., 2002). In other studies, the positive effect of cortactin regarding 
Arp2/3 complex activation was attributed to its ability to bind the NPF N-WASP via the 
SH3 domain and thus to act as a scaffold between Arp2/3 and N-WASP. Additionally, 
cortactin has been reported to recruit the Cdc42 GEF FGD1, which could contribute to 
the activation of N-WASP by Cdc42 (Kim et al., 2004). As opposed to these indications 
for a positive contribution of cortactin to Arp2/3-dependent actin assembly, findings 
concerning cortactin function in other results seem to challenge this view, at least in 
part. The discovery that N-WASP-mediated Arp2/3 complex activation is strongly 
amplified by dimerization of the NPF indicated an inhibitory role of cortactin binding to 
Arp2/3. This is due to the fact that the binding site for cortactin and one of the N-WASP 
molecules overlap, so upon cortactin binding hyperactivation induced by association of 
two VCA domains with Arp2/3 would not occur (Padrick et al., 2008). Similarly, the 
turnover of cortactin in the lamellipodium measured with FRAP differed strongly from 
the turnover of Arp2/3 or WAVE, in that fluorescence recovery did not occur from the 
tip of the lamellipodium but evenly throughout the lamellipodium. Assuming that Arp2/3 
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complex is activated at the lamellipodium tip, most cortactin molecules rapidly turning 
over throughout the lamellipodium would not be able to contribute to Arp2/3 activation 
(Lai et al., 2008).  
The phosphorylation of cortactin was subject of many studies, which identified cortactin 
to be a substrate of tyrosine phosphorylation by Src (Huang et al., 1997), Fer (Craig et 
al., 2001) and c-Met (Crostella et al., 2001), whereas serine residues were shown to be 
phosphorylated by ERK (Martinez-Quiles et al., 2004), PAK (Webb et al., 2006) and 
PKD (Eiseler et al., 2010). Phosphorylation of cortactin did not appear to alter Arp2/3 
complex activation, but modulated the affinity of the SH3 domain to different binding 
partners (Dudek et al., 2002; Lynch et al., 2003). Importantly, ERK-mediated serine 
phosphorylation enhanced binding of N-WASP to the SH3 domain of cortactin, which 
promoted Arp2/3 complex activation, whereas tyrosine phosphorylation by Src inhibited 
the interaction with N-WASP (Martinez-Quiles et al., 2004).  
Cortactin has been implicated in a variety of different cellular functions, as cortactin 
localizes to virtually every site in the cell with active Arp2/3-dependent actin 
polymerization, such as lamellipodia, endocytic vesicles, cell-cell adhesions and 
podosomes (Cosen-Binker and Kapus, 2006). In resting cells, cortactin is mostly 
cytoplasmic, but relocates to the leading edge of the cell upon growth factor treatment, 
for instance after application of PDGF or EGF, which coincides with activation of Rac 
(Kempiak et al., 2005; Weed, Du, and Parsons, 1998). Both overexpression and RNAi 
experiments have established a positive role for cortactin in cell migration (Huang et 
al., 1998; Kowalski et al., 2005; Patel et al., 1998; van Rossum, Moolenaar, and 
Schuuring, 2006; Zhu et al., 2010) and cortactin was found to be crucial for the 
formation and persistence of lamellipodia (Bryce et al., 2005; Kelley et al., 2010). 
Additional to its role in lamellipodia dynamics, the reduced motility of cortactin-depleted 
cells was also attributed to decreased numbers of focal contacts seen in these cells 
(Bryce et al., 2005). However, in tumor cells with down-regulated cortactin, lamellipodia 
were formed more frequently towards EGF-coated beads (Kempiak et al., 2005), 
questioning the essential role for cortactin in lamellipodia formation. Cortactin has been 
reported to be overexpressed in a variety of human cancers, which correlated with 
enhanced tumor cell migration and metastasis (Cai et al., 2010; Croucher et al., 2010; 
Weaver, 2008). Cortactin was also found to be crucial for the formation of invadopodia 
(Oser et al., 2010) and podosomes, since knockdown of cortactin in vascular smooth 
muscle cells inhibited the assembly of podosomes (Webb, Eves, and Mak, 2006; Zhou 
et al., 2006). This was confirmed by RNAi studies in osteoclasts, where both podosome 
formation and bone resorption, which is regulated by podosomes, was abolished 
(Tehrani et al., 2006b). A potential role for cortactin in endocytosis was suggested by 
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its localization to clathrin-coated pits and its interaction with the vesicle scission 
mediator dynamin2 (Mooren et al., 2009). Knockdown of cortactin was reported to 
reduce transferrin uptake, which occurs in a clathrin-dependent fashion (Cao et al., 
2010; Chen et al., 2006; Zhu et al., 2005). In addition, it interfered with clathrin-
independent endocytosis of the γc cytokine receptor, which depended on the ability of 
cortactin to interact with Arp2/3 complex (Grassart et al., 2010; Sauvonnet, 
Dujeancourt, and Dautry-Varsat, 2005). However, overexpression of cortactin 
decreased the turnover of EGF receptor in carcinoma cells (van Rossum et al., 2005a) 
indicating that cortactin has to be present in the correct amount in order to fulfill its 
function in endocytosis. Moreover, cortactin is recruited to sites of pathogen adhesion, 
bacteria entry and intracellular movement, for instance, upon infection with EHEC and 
EPEC, Listeria monocytogenes, Helicobacter pylori, Shigella flexneri, Vaccinia virus, 
Rickettsia conorii and Staphylococcus aureus (Selbach and Backert, 2005). It was 
shown that EHEC and EPEC pedestal formation was suppressed using a dominant 
negative cortactin construct (Cantarelli et al., 2006; Cantarelli et al., 2002). H. pylori 
was identified to dephosphorylate and relocate cortactin in a CagA-dependent manner 
and was suspected to play a role in cell scattering induced by H. pylori (Selbach et al., 
2003). RNAi experiments demonstrated that entry of L. monocytogenes was dependent 
on cortactin in both InlA- (Sousa et al., 2007) and InlB-mediated host cell invasion 
(Barroso et al., 2006). Knockdown of cortactin reduced the invasion of WT Listeria in 
HeLa and NIH cells (Barroso et al., 2006; Veiga and Cossart, 2005), although it did not 
affect the intracellular movement of the bacterium. In the nervous system, cortactin has 
been identified to be enriched in growth cones of developing neurons (Kurklinsky, 
Chen, and McNiven, 2011) and has been implicated in neuronal polarization and the 
morphogenesis of dendritic spines (Gray et al., 2005; Lee, 2005). Finally, cortactin has 
been reported to play a role in synaptic transmission (Iki et al., 2005; Madhavan et al., 
2009) and to operate in processes as complex as learning and sleep (Davis et al., 
2006; Meighan et al., 2006). 
The generation and analysis of cortactin knockout MEF cells has challenged several 
findings obtained with dominant negative approaches and RNAi experiments 
concerning cortactin function in the cell (Lai et al., 2009). Electron microscopy revealed 
no differences in the lamellipodial ultrastructure of cortactin-deficient cells, and the 
turnover of actin and Arp2/3 complex in lamellipodia was not decreased but rather 
slightly enhanced as probed by FRAP experiments. Similarly, microinjection of active 
Rac into cortactin KO cells induced lamellipodia with dynamics indistinguishable to 
controls, proving that cortactin is not essential for lamellipodia formation. Likewise, the 
essential role for cortactin in endocytosis could not be confirmed, as both actin 
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recruitment to clathrin-coated pits and EGF internalization was normal in cortactin 
knockout cells. However, PDGF-induced membrane ruffling and focal adhesion 
disassembly was strongly impaired in cells lacking cortactin. These phenotypic 
observations could be correlated with reduced Rac activation upon PDGF stimulation, 
and also significantly lower levels of constitutively active Cdc42 were detected in cells 
lacking cortactin as compared to parental controls. The migration defect described 
using cortactin RNAi was also observed in cortactin KO cells, as both the migration 
speed and wound healing efficiency were reduced, although a similar study using 
independently generated cortactin KO cells reported contradictory results (Tanaka et 
al., 2009). In conclusion, the data from KO cells suggest a role for cortactin in signaling 
to Rho-GTPases rather than a direct impact on actin assembly downstream of Rho-
GTPases.  
1.5.2 Formins 
Formins constitute another class of actin nucleators, which are expressed in all 
eukaryotes and were shown to be involved in filopodia formation in systems as diverse 
as Dictyostelium and mammalian cells (Block et al., 2008; Pellegrin and Mellor, 2005; 
Schirenbeck et al., 2005). Formins are able to nucleate actin filaments by stabilizing 
actin dimers, and in contrast to the Arp2/3 complex, they stay attached to the growing 
barbed ends (Paul and Pollard, 2009). By processive elongation of actin filaments and 
concomitant capping of the barbed end, formins promote actin polymerizing through 
actively adding actin monomers at the growing end and by preventing the termination 
of actin polymerization, for instance by capping protein (Harris, Li, and Higgs, 2004). 
Common features of all formins are the formin homology (FH) FH1 and FH2 domains. 
The active formin unit constitutes a homodimer that forms upon binding of two FH2 
domains shaping into a “donut”-like structure (Xu et al., 2004), and also the 
dimerization domains contribute to the formation of the homodimer (Rose et al., 2005). 
While the FH2 domain is implicated in stabilizing actin seeds, thereby facilitating actin 
nucleus formation and associating with the barbed ends of actin filaments, the FH1 
domain recruits profilin-bound actin and promotes the incorporation of actin monomers 
into the filament (Figure 1-4) resulting in unbranched filaments (Kovar et al., 2006; Paul 
and Pollard, 2008; Romero et al., 2004).  
The diaphanous-related formins, such as mDia2/Drf3, are autoinhibited through 
intramolecular binding of the diaphanous inhibitory domain (DID) and diaphanous 
autoregulatory domain (DAD). Small Rho-GTPases like Cdc42, Rac or RhoA release 
formins from autoinhibition through binding to the GTPase-binding domain (Lammers et 
al., 2005; Pellegrin and Mellor, 2005; Peng et al., 2003). Constitutively active formins 
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can be generated by deletion of the DAD, which induces the formation of large 
numbers of filopodia in B16-F1 cells and de novo actin polymerization in the case of 
mDia2/Drf3 overexpression (Block et al., 2008). A novel study from Gould et al. 
indicates that the DAD of mDia1 binds profilin-unbound actin monomers and strongly 
promotes actin nucleation of the FH2 domain, so probably both the FH1 and DAD 
contribute to the delivery of actin monomers to the FH2 domain during nucleation 
(Gould et al., 2011). 
1.5.3 WH2-domain containing nucleators 
The third class of actin nucleators forms actin seeds by clustering three to four actin 
monomers, mostly with WH2 domains (Figure 1-4). Proteins belonging to this class of 
actin nucleators include Spir, leiomodin-2 and cordon-bleu (Cobl), but also the NPF 
JMY and bacterial factors like VopL (Dominguez, 2009).  
The Spir domain organization includes an N-terminal kinase non-catalytic C-lobe 
domain (KIND), a central region with four WH2 domains including an additional actin 
monomer-binding linker, and a central FYVE domain, which mediates targeting to 
endosomal membranes (Quinlan et al., 2005). Data from Drosophila mutants and 
cellular studies suggest a role for Spir in vesicle transport processes and in the 
coordination of cortical microtubule and actin filaments (Kerkhoff et al., 2001; Rosales-
Nieves et al., 2006). Spir has been shown to cooperate with the formin Cappuccino in 
Drosophila (Quinlan et al., 2005), and also in mammals an interaction between Spir1 
and formin2 could be established (Pechlivanis, Samol, and Kerkhoff, 2009). 
Nevertheless, Spir was shown to nucleate actin filaments individually in in vitro 
experiments. It was postulated that the four WH2 domains each bind one actin 
monomer, which interconnect and thereby form longitudinal bonds found in the long-
pitch helix of actin filaments, although this model is not consistent with the fact that the 
last two WH2 domains are sufficient for actin nucleation (Quinlan et al., 2005). A novel 
structural-based analysis, which is also able to explain the nucleation activity of only 
two Spir WH2 domains, proposed that actin binding of each WH2 domain and MBL 
leads to a loose actin/Spir configuration resembling a long-pitch helix (see Figure 
1-1A). Further addition of actin monomers crosslinking two subunits already bound to 
Spir leads to the formation of a short-pitch nucleus, which is dependent on rotation of 
the WH2 domains (Ducka et al., 2010).  
Leiomodin with its three isoforms is restricted to muscle cells and its domain 
organization closely resembles that of tropomodulins. At the N-terminus of leiomodin, a 
tropomyosin-binding domain is located, followed by an actin capping domain, a leucine-
rich region and a second actin capping domain. The extended C-terminus of leiomodin 
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consists of a proline-rich region and a WH2-domain. It is known that tropomodulin 
binds to adjacent actin monomers at the pointed end, so the nucleation activity of 
leiomodin could be explained with recruitment of a third actin monomer via its WH2 
domain, leading to a cross-filament actin trimer. Evidence for the actin nucleation 
activity of leiomodin in vivo was obtained by overexpression of a GFP-labeled 
truncated version, which induced abnormal actin bundles in the nucleus. 
Cobl is mostly expressed in neuronal tissues, where it is essential for inducing the 
formation and branching of neurites (Ahuja et al., 2007), and recently Cobl was found 
to be involved in motile cilia formation in zebrafish (Ravanelli and Klingensmith, 2011). 
Its nucleation unit comprises three C-terminal WH2 domains, which are all crucial for 
nucleation, and an extended linker L2. The first two WH2 domains are in close 
proximity to each other, whereas the third is more distant due to the length of L2 (Ahuja 
et al., 2007). This WH2 domain arrangement suggests that the first two WH2 domains 
form a linear actin dimer and the third adds an actin monomer to the back of the actin 
dimer, resulting in a short-pitch filament trimer (see Figure 1-1A) ready for spontaneous 
actin polymerization (Ahuja et al., 2007; Dominguez, 2009).  
1.6 Regulators of actin filaments and monomers 
1.6.1 Ena/VASP 
The Enabled/vasodilator-activated phosphoprotein (VASP), as well as the other 
members of the Ena/VASP family, Mena and EVL, is a key regulator of cell movement 
and cell shape changes. They are thought to drive the assembly of the actin filament 
network, for instance, in lamellipodia, filopodia or cell-substrate contacts, but also 
during intracellular movement of bacteria (Bear and Gertler, 2009). Genetic studies in 
mice revealed that VASP plays crucial roles in axon guidance, neuritogenesis and 
endothelial barrier formation (Furman et al., 2007; Kwiatkowski et al., 2007; Menzies et 
al., 2004). VASP consists of an N-terminal Ena/VASP homology 1 (EVH1) domain, 
followed by a proline rich domain and an EVH2-domain. The EVH1- and proline-rich 
domains act as protein interaction platforms and mediate binding to lamellipodin 
(Krause et al., 2004) and PREL-1 (Jenzora et al., 2005), Robo (Yu et al., 2002) and 
zyxin (Moody et al., 2009; Niebuhr et al., 1997), as well as SH3- and WW-domain-
containing proteins. The EVH2-domain is able to interact both with monomeric and 
filamentous actin and additionally harbors a tetramerization domain. In contrast to 
formin-mediated actin filament elongation, VASP does not depend on profilin-bound 
actin in in vitro experiments (Breitsprecher et al., 2008). In Dictyostelium discoideum, 
the intimate connection of VASP and the formin dDia2 during filopodia formation was 
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demonstrated in knockout experiments, which showed that lack of either VASP or 
dDia2 abolished filopodia formation (Schirenbeck et al., 2005). 
In vitro, VASP was shown to bundle actin filaments, which was suggested to be crucial 
for filopodia formation (Schirenbeck et al., 2006), and upon surface-immobilization 
VASP is able to capture growing actin barbed ends (Pasic, Kotova, and Schafer, 2008). 
The impact of VASP on heterodimeric capping protein activity is still controversial. 
Whereas some studies reported VASP to directly antagonize filament capping by 
capping protein and thereby promoting filament elongation (Barzik et al., 2005; Bear et 
al., 2002), others did not find a competition of VASP and capping protein for barbed 
ends, and showed that binding of VASP does not prevent actin filaments from 
disassembly (Samarin et al., 2003; Schirenbeck et al., 2006).  
One important biochemical activity of VASP is its ability to processively elongate actin 
filaments, which was assayed using TIRF microscopy of single actin filaments 
(Breitsprecher et al., 2008). When VASP was clustered on polystyrene beads, it 
promoted actin filament growth by delivering actin monomers for filament elongation. 
Both the actin monomer- and F-actin-binding domain contributed to this process but the 
tetramerization domain was shown to be dispensable. A recent study demonstrated 
that although VASP can bind both to sides and barbed ends of actin filaments, actin 
monomers inhibit side-binding and promote association with the barbed ends (Hansen 
and Mullins, 2010). 
1.6.2 ADF/Cofilin 
All eukaryotes express members of the actin depolymerizing factor (ADF)/cofilin family. 
ADF and cofilin-1 are present in non-muscle tissue, whereas cofilin-2 is the major 
isoform of muscle cells. On cellular level, either protein seems to be able to rescue the 
loss of one ADF/cofilin member in RNAi experiments (Hotulainen et al., 2005), but the 
knockout of cofilin-1 in mice leads to embryonic lethality demonstrating the importance 
of the individual ADF/cofilin isoforms in the context of organism development (Gurniak, 
Perlas, and Witke, 2005). Depletion of cofilin in fibroblast cells reduced migration 
speed, decreased lamellipodia width and FRAP experiments using cofilin knockdown 
cells demonstrated that actin turnover in stress fibers as well as in lamellipodia was 
reduced (Hotulainen et al., 2005). The turnover dynamics of cofilin itself in the 
lamellipodium strongly differed from actin and Arp2/3, as cofilin recovers throughout the 
whole lamellipodium (Lai et al., 2008) contradicting earlier findings implicating cofilin to 
actively promote Arp2/3-dependent actin nucleation (Ghosh et al., 2004). 
Cofilin-1 is a key protein in the regulation of actin dynamics in cell migration (Nagata-
Ohashi et al., 2004; Sidani et al., 2007) and is one of the crucial components for 
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reconstituted actin based motility (Le Clainche and Carlier, 2001; Loisel et al., 1999). 
Cofilin1 is implicated in the depolymerization of actin filaments in order to provide the 
pool of monomeric actin for actin polymerization at steady state, but was also proposed 
to increase the number of free barbed ends for actin polymerization by filament 
severing (Bamburg, Harris, and Weeds, 1980; Ichetovkin, Grant, and Condeelis, 2002; 
Maciver, Zot, and Pollard, 1991). Which of the two activities predominates might 
depend on the cofilin/actin ratio as well as the concentration of other actin binding 
proteins such as tropomyosin (Bryce et al., 2003), cortactin (Oser et al., 2009) or 
coronins (Gandhi et al., 2009). In vitro experiments have demonstrated that severing 
occurs upon low cofilin/actin concentration and higher cofilin/actin ratios induce cofilin-
mediated actin nucleation (Andrianantoandro and Pollard, 2006). The depolymerizing 
activity of cofilin is caused by its high affinity for ADP-loaded actin monomers. Upon 
binding of cofilin, ADP-actin dissociates from actin filaments. Cofilin is regulated by its 
pH sensitivity and PIP2 binding (Bernstein and Bamburg, 2010) as well as by 
phosphorylation on Ser3, which inhibits its binding to G- and F-actin (Arber et al., 
1998).  
1.6.3 Capping protein 
Another regulator of the actin cytoskeleton, capping protein, binds to barbed ends of 
actin filaments, which serves as a “cap” and inhibits further elongation but also 
prevents depolymerization of the filament. Capping protein is an α/β heterodimer that is 
very stable as compared to the individual subunits (Cooper and Sept, 2008). Although 
the two subunits lack any sequence similarities, they form strikingly similar secondary 
structures and as heterodimer they adopt a mushroom-like shape (Yamashita, Maeda, 
and Maeda, 2003). Together with ADF/cofilin, capping protein is required for the 
reconstitution of actin-based motility (Loisel et al., 1999). Capping protein plays an 
important role in Arp2/3-dependent structures, as e.g. lamellipodia formation is 
abolished upon capping protein knockdown (Mejillano et al., 2004). Although capping 
protein terminates filament elongation by capping growing barbed ends, it was 
proposed to promote actin assembly and to accelerate actin-based motility. The actin 
funneling hypothesis for capping protein function suggests that capping protein binds 
most of the growing barbed ends, thereby increasing the actin monomer concentration 
at steady state. This leads to higher polymerization rates of the small number of 
uncapped filaments, which in turn allows faster migration (Carlier and Pantaloni, 1997). 
More recently, Akin and Mullins coined the so-called “monomer gating” model (Akin 
and Mullins, 2008), in which they proposed that growing barbed ends and WH2-
domains of NPFs compete for actin monomers in actin filament arrays. If capping 
protein is missing, all barbed ends are able to polymerize. This leads to a decrease in 
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actin nucleation by the Arp2/3 complex due to the reduction of available actin 
monomers, which results in the loss of Arp2/3-dependent actin networks such as the 
lamellipodium. By capping protein binding to barbed ends, the concentration of actin 
monomers available for nucleation is increased promoting Arp2/3-dependent actin 
assembly. To find out which of these hypotheses proves correct or whether capping 
protein mode of action differs from both models, further research is required.  
1.6.4 Profilin 
Profilin, a highly abundant and small protein is able to bind and sequester actin 
monomers in a 1:1 complex. After initial description as an inhibitor of actin 
polymerization (Carlson et al., 1976), it was identified to catalyze the exchange of ADP 
for ATP in G-actin (Mockrin and Korn, 1980), thereby continuously refilling the pool of 
ATP-actin ready for polymerization. Profilin binds ATP-actin at its barbed face, which 
prevents the incorporation of actin at pointed ends but allows barbed end assembly 
(Schutt et al., 1993). Upon addition of the actin monomer to the barbed end, profilin is 
released and ready for a new round of nucleotide exchange in actin molecules (Pollard 
and Cooper, 1984). Profilin is able to simultaneously bind actin and proline-rich regions 
of different actin regulators such as Ena/VASP, drebrin and formins as well as lipids 
like PIP2 (Ahern-Djamali et al., 1999; Lassing and Lindberg, 1988; Mammoto et al., 
1998; Watanabe et al., 1997). Formin-mediated actin filament elongation depends on 
profilin-bound actin, which is bound first by the FH1-domain and then transferred to the 
FH2-domain for incorporation into an actin filament. However, high concentrations of 
profilin inhibit elongation by formins, as free and actin-bound profilin competes for the 
FH1-domain, which decreases incorporation of actin monomers (Kovar et al., 2006; 
Vavylonis et al., 2006). In vivo profilin was found to be essential in early embryogenesis 
(Witke et al., 2001) as well as for late cytokinesis (Bottcher et al., 2009). In the brain, 
knockdown of profilin2a, which is neuron-specific, reduced the dendrite complexity and 
spine numbers of hippocampal neurons. Additionally, profilins were found to act in 
regulating actin dynamics downstream of the pan-neutrophin receptor (Michaelsen et 
al., 2010). 
1.6.5 Fascin 
The 55 kDa, globular protein fascin arranges actin filaments into parallel bundles with a 
distance of 8 nm between filaments. In vertebrates, three forms of fascin are 
expressed. Fascin-1 is present in mesenchymal tissues and the nervous system, 
fascin-2 is restricted to retinal photoreceptor cells and fascin-3 is testis-specific (De 
Arcangelis, Georges-Labouesse, and Adams, 2004; Tubb et al., 2002; Wada et al., 
2001). In order to bundle actin filaments, fascin contains two actin binding sites. 
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Phosphorylation of the N-terminal actin binding domain on Ser39 by protein kinase C 
(PKC) inhibits the bundling activity, since it abolishes its actin binding capacity 
(Yamakita et al., 1996). Fascin localizes to filopodia, dendrites, cell-cell contacts and 
microspikes in the lamellipodium and stabilizes actin bundles in these structures. 
Depletion of fascin in B16-F1 cells reduced the number of filopodia, and the remaining 
filopodia showed an abnormal morphology, which suggested that fascin is required for 
intact filopodia maintenance (Vignjevic et al., 2006). In addition, knockdown of fascin 
suggested a role in the regulation of focal contacts in spite of its absence in these 
structures (Hashimoto, Parsons, and Adams, 2007). Nevertheless, fascin localizes to 
two other adhesive structures, podosomes and invadopodia (Li et al., 2010; Quintavalle 
et al., 2010). In many different cancer types, fascin is highly upregulated and correlates 
with aggressive tumors, which might be due to a role in promoting motility (Hashimoto, 
Skacel, and Adams, 2005). 
1.6.6 α-actinin 
Another actin cross-linker is the 100 kDa protein α-actinin, which belongs to the highly 
conserved spectrin superfamily of actin-binding proteins (Blanchard, Ohanian, and 
Critchley, 1989). In total, four isoforms of α-actinin are expressed in mammalian cells. 
The muscle isoforms 2 and 3 are present in the Z-disc, where α-actinin anchors actin 
filaments from neighboring sarcomeres at the Z-disc and thereby stabilizes the 
contractile apparatus (Luther, 2009). Non-muscle forms 1 and 4 localize to focal 
contacts, periodically label stress fibers alternating with myosins and are found in 
circular dorsal ruffles (Araki et al., 2000; Edlund, Lotano, and Otey, 2001). Beside its 
actin-bundling activity, α-actinin is an important link between the cytoskeleton and 
transmembrane proteins e.g. in focal adhesions, but it also works as a scaffold for 
cytoskeletal signaling pathways (Otey and Carpen, 2004).  
In contrast to fascin, α-actinin molecules possess only one actin-binding domain, thus 
they have to dimerize in order to bundle filaments. The dimerization domain in the 
middle of the protein consists of four spectrin repeats, which form a rod-like structure 
and allow anti-parallel assembly of two α-actinin molecules (Virel and Backman, 2007). 
The spectrin repeats also serve as membrane targeting domains due to their ability to 
bind phospholipids and the cytoplasmic domains of transmembrane receptors, such as 
mGlu5b receptor (Cabello et al., 2007) or NMDA receptor (Bouhamdan et al., 2006) . At 
the N-terminus α-actinin harbors the actin-binding domain (ABD), a tandem pair of 
calponin homology (CH) domains. Although both CH domains are in principle able to 
associate with actin, only the CH1 domain was able to bind actin on its own in in vitro 
experiments, and the highest actin binding activity is achieved with both CH domains 
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(Gimona et al., 2002). The calmodulin-like domain (CaM) at the C-terminus serves as 
calcium sensor and calcium-loaded α-actinin is inhibited in its interaction with actin 
(Witke et al., 1993). α-actinin function is also regulated by processing with proteases 
(Christerson, Vanderbilt, and Cobb, 1999; Cuevas et al., 2003) and by tyrosine 
phosphorylation (Egerton et al., 1996; Izaguirre et al., 2001). 
Especially α-actinin 4 has additionally been reported to be involved in cell migration, for 
instance, of cells participating in the immune response (Evans et al., 1999) as well as 
in cancer cell progression and metastasis (Kikuchi et al., 2008; Yamamoto et al., 2009), 
and in the reorganization of dynamic actin structures such as dorsal ruffles (Lanzetti et 
al., 2004). 
1.7 Manipulation of the actin cytoskeleton by pathogenic bacteria 
1.7.1 Listeria monocytogenes 
L. monocytogenes is a Gram-positive and facultative intracellular bacterium, which 
causes a severe disease through contaminated food and leads to gastroenteritis, 
meningitis, septicemia and miscarriage. Listeria is able to cross the intestinal, blood-
brain and fetoplacental barrier and also spreads from cell to cell in an actin-dependent 
process. For the latter, the bacterial NPF ActA is expressed, which induces the 
formation of actin filament tails (Domann et al., 1992; Kocks et al., 1992). The research 
on Listeria also provided insight into actin nucleation in mammals, as the human Arp2/3 
complex was first characterized as actin nucleator by employment of Listeria (Welch, 
Iwamatsu, and Mitchison, 1997; Welch et al., 1998). The polymerization of actin 
filaments provides the force to propel the pathogen through the cytoplasm and to 
protrude the membrane of neighboring cells during cell-cell spreading. Listeria can 
reach intracellular velocities of 1.46 µm/s (Dabiri et al., 1990). 
 In order to enter host cells, Listeria expresses two virulence factors, Internalin A and B, 
which mediate close proximity of the host plasma membrane and the bacterium, 
referred to as “zipper mechanism”. In contrast to the “trigger mechanism” employed by 
other pathogens such as Salmonella or Shigella, which is characterized by the injection 
of bacterial factors into the host cells to induce their uptake, InlA and B are surface 
ligands and stay attached to the bacterium during invasion (Pizarro-Cerdá and Cossart, 
2006). InlA binds to the transmembrane glycoprotein E-cadherin required for cell-cell 
adhesion, which is restricted to epithelial cells (Mengaud et al., 1996). Upon binding of 
InlA and E-cadherin, α- and β-catenin and as secondary component the Rho-GAP 
ARHGAP10 are recruited to the bacterial entry site. This results in the enrichment of 
vezatin and the unconventional myosin VIIA, and both drive the internalization of the 
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pathogen (Sousa et al., 2005; Sousa et al., 2004). Furthermore, the non-receptor 
tyrosine kinase Src is activated through the E-cadherin pathway, which in turn recruits 
cortactin and the clathrin machinery thought to facilitate the invasion process (Sousa et 
al., 2007).  
In contrast to InlA, InlB is able to bind three different host receptors: gC1qR, 
glycosaminoglycans, and the hepatocyte growth factor (HGF) receptor c-Met (Braun, 
Ghebrehiwet, and Cossart, 2000; Lang Hrtska et al., 2007; Shen et al., 2000). c-Met 
belongs to the group of tyrosine kinase receptors and forms heterodimers after 
extracellular ligand-receptor binding, which induces the autophosphorylation of the 
intracellular domains of the receptor (Bardelli, Ponzetto, and Comoglio, 1994). 
Although no sequence similarity between HGF and InlB exist, both proteins are able to 
activate the c-Met signaling cascade. Co-crystallization of InlB and c-Met revealed that 
the binding sites of HGF and InlB do not overlap, which is consistent with the lack of a 
competitive binding of HGF and InlB for c-Met, and could explain the different cellular 
responses of the two ligands (Niemann et al., 2007; Shen et al., 2000). After activation 
of c-Met with InlB, several adaptor proteins accumulate at the invasion site including 
Gab1, Cbl and Shc, which recruit the PI3 kinase known to be responsible for the 
activation of Rac and Cdc42 (Bosse et al., 2007; Ireton et al., 1996). Active Rho-
GTPases are crucial for the invasion process, as they induce actin polymerization 
through WAVE and Arp2/3 complex required for the internalization of Listeria, but also 
cofilin and LIM kinase contribute to the actin rearrangements downstream of Rac 
(Bierne et al., 2001). InlB-mediated invasion experiments in HeLa cells indicated that 
Listeria also uses clathrin-mediated endocytosis for invasion, although clathrin coated 
pits formed e.g. in the course of receptor internalization normally endocytose a much 
smaller volume than would be needed for the engulfment of a bacterium (Pizarro-
Cerdá, Bonazzi, and Cossart, 2010). 
1.7.2 Shigella flexneri 
Shigella flexneri, a Gram-negative bacterium, causes acute gastroenteritis in humans 
and like listeriosis is a foodborne illness. Shigella utilizes a type-III-secretion system to 
invade epithelial cells, which delivers effector proteins into the cytoplasm capable to 
interact with host components to induce the uptake of the bacterium. Shigella is 
released into the cytoplasm through lysis of the phagosomal membrane enclosing the 
pathogen after invading the host cell (Sansonetti et al., 1986). In the cytoplasm, actin 
tail formation is triggered by IcsA that localizes to the outer membrane of the bacterium 
and concentrates on one pole, from which actin filaments polymerize (Bernardini et al., 
1989). In contrast to ActA from Listeria, IcsA does not activate the Arp2/3 complex itself 
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but instead recruits the NPF N-WASP to the bacterial surface. IscA is both essential 
and sufficient to induce comet tails in cell extracts and in infected cells (Goldberg and 
Theriot, 1995; Goldberg, Theriot, and Sansonetti, 1994). It binds to the N-WASP N-
terminal autoregulatory domain via its glycine rich region (Suzuki et al., 1998) and is 
thought to cause the release of N-WASP autoinhibition comparable to binding of active 
Cdc42 (Egile et al., 1999). Activated N-WASP then initiates actin polymerization by 
activating the Arp2/3 complex. Shigella intracellular motility relies on N-WASP as 
Arp2/3 activator and cannot be reconstituted with other NPFs of the WASP/WAVE 
protein family. This was demonstrated using N-WASP-deficient cells, in which actin tail 
formation is abrogated, but can be rescued by expression of N-WASP constructs 
(Lommel et al., 2001) but not WASP (Snapper et al., 2001). A set of actin regulatory 
proteins localizes to actin comet tails such as VASP, profilin, vinculin, capping protein 
and α-actinin, which possibly contribute to actin tail formation, maintenance and 
depolymerization (Goldberg, 2001). 
1.8 Aims of the thesis 
Considering the discrepancies between results from RNAi and dominant negative 
approaches and those obtained in cortactin KO cells, the precise role of cortactin in 
Arp2/3 complex-dependent processes in general and its implication in the activation of 
Arp2/3 was studied in this thesis. The effect of reduced Rho-GTPase levels in cortactin 
KO cells on cell migration, the impact on cortactin loss-of-function in Listeria uptake as 
well as the examination of primary macrophages from cortactin and HS1/cortactin KO 
mice regarding podosome formation was of particular interest. Moreover, an 
experimental setup had to be designed, in which the ability of cortactin to activate the 
Arp2/3 complex could be analyzed in vivo. For this purpose, a novel microtubule-based 
actin polymerization assay was established. A microtubule binding domain fused to 
EGFP served as targeting module to direct actin nucleators or NPFs to the surface of 
microtubules. This allowed probing the capability of these proteins to, directly or 
indirectly, mediate actin filament nucleation in vivo. 
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2 Materials and Methods 
2.1 Chemicals, media and buffers 
If not stated otherwise, all chemicals were purchased from the following companies: 
Amersham, Bioscience, BioRad, Boehringer Mannheim, Fermentas, Fluka, GE 
Healthcare, Invitrogen, Life Technologies, Merck, Macherey-Nagel, Millipore, New 
England Biolabs, PAA, Promega, Qiagen, Riedel de Haen, Roche, Roth, Sigma-
Aldrich, Serva and TaKaRa. The quality standard was p.a. (per analysis). All buffers 
were prepared in deionised water, which had been purified by a milli-Q-system 
(Millipore). 
2.2 Cell culture reagents and plasticware 
Cell culture media and additives were from Gibco, Invitrogen, PAA or Sigma unless 
stated otherwise. Plasticware was obtained from Corning, Falcon, Nunc and PAA. 
2.3 Enzymes and reagents for molecular biology 
Enzymes were from New England Biolabs, MBI Fermentas or Roche. T4-DNA Ligase 
and alkaline phosphatase were obtained from Roche. Pfu and GoTaq DNA polymerase 
were purchased from Promega. Oligonucleotides were from Biosprings or MWG-
Eurofins. DNA-standards were from Eurogentec and protein markers from MBI 
Fermentas. 
2.4 Vectors 
For generation of EGFP-fusion constructs, pEGFP-C1, -C2, -C3 and -N1, -N2, -N3 
vectors from Clontech were used.  
2.5 Bacterial cultures 
For amplification of plasmids, Escherichia coli strain TG2 (Stratagene) with the 
following genotype was used: supE hsd∆5 thi ∆(lac-proAB) ∆(srl-recA)306::Tn10(tetr) 
F[traD36 proAB+ lacIq lacZ∆M15]. 
Invasion experiments were performed with Listeria monocytogenes, either EGD, 
serotype 1/2a as wild type (WT) or ΔInlA/B-mutant. 
For actin tail formation experiments, Shigella flexneri serotype 5 was used. 
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2.6 Media for bacterial culture 
LB-medium (Luria Bertain broth):     bacto-tryptone    10 g/l 
bacto-yeast extract  5 g/l 
NaCl        20 mM 
 
SOB-medium (Super Optimal Broth):    bacto-tryptone    20 g/l 
bacto-yeast extract  5 g/l 
NaCl        0.6 g/l  
KCl         0.1 g/l  
 
SOC-medium (Super Optimal broth with  
Catabolite repression):  SOB-Medium   
MgCl2        10 mM 
MgSO4       10 mM 
Glucose       2 mM 
 
BHI-medium (Brain-Heart Infusion):    Brain-Heart Infusion   37 g/l 
 
TSB-medium (Tryptic Soy Broth)     Tryptic Soy Broth   30 g/l 
 
2.7 Conditions for bacterial culture 
Escherichia coli:            LB-medium 
Listeria monocytogenes:        BHI-medium 
Shigella flexneri:            TSB-medium 
 
Bacteria were inoculated into the respective medium and incubated at 37 °C at 
180 rpm overnight.  
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2.8 Molecular biological standard techniques 
2.8.1 Plasmids 
Table 2-1: Constructs used in this thesis 
plasmid origin source 
EGFP-Rac1L61 human Markus Ladwein, HZI, Germany 
EGFP-Cdc42L61 human Frank Lai, HZI, Germany 
HS1-EGFP human Frank Lai, HZI, Germany 
EGFP-cortactin mouse Steffen Backert, University College Dublin, Ireland 
EGFP-cortactin (aa 1-146) human Frank Lai, HZI, Germany 
EGFP-cortactin (aa 1-84) mouse this thesis 
EGFP-MBD human this thesis 
EGFP-MBD-VVCA (aa 392-501 
of N-WASP) mouse Stefan Köstler, IMBA, Austria 
mCherry-p16B human Jennifer Block, HZI, Germany 
mCherry-actin human Malgorzata Sczcodrak, HZI, Germany 
EGFP-MBD-fascin human this thesis 
EGFP-MBD-ABD (aa 1-246 of 
α-actinin) human this thesis 
EGFP-actin human Clontech, Mountain View, U. S. A. 
mCherry-MBD-VVCA (aa 392-
501 of N-WASP) mouse this thesis 
EGFP-MBD-cortactin mouse this thesis 
EGFP-MBD-cortactin (aa 1-84) mouse this thesis 
EGFP-MBD-Drf3ΔDAD human this thesis 
EGFP-MBD-Spir-NT human this thesis 
EGFP-MBD-Lifeact yeast this thesis 
EGFP-MBD-actin human this thesis 
EGFP-MBD-VVC (aa 392-483 of 
N-WASP) mouse this thesis 
EGFP-MBD-Spir-CD (aa 334-
388) human this thesis 
EGFP-MBD-VV (aa 392-460 of 
N-WASP) mouse this thesis 
EGFP-N-WASP mouse Silvia Lommel, HZI, Germany 
EGFP-N-WASPΔA (aa 1-483) mouse this thesis 
EGFP-capping protein β2 human Dorothy Schafer, Charlottesville, USA 
mCherry-MBD-Spir-NT human this thesis 
EGFP-MBD-capping protein β2 human this thesis 
mCherry-capping protein α1 human J. Faix, MHH, Germany 
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2.8.2 Oligonucleotide primers 
Table 2-2: List of primers for amplifying used in this thesis. 
no. name sequence 5´to 3´ purpose 
1 Fwd oligo start EcoR gagagaattcatggaccattatgattctc Cloning of ABD 
(α-actinin aa 1-246) 
2 Rev oligo CH2 SalI  gagagtcgactgctgtctccgccttctgg Cloning of ABD 
(α-actinin aa 1-246) 
3 Cttn 1-84 EcoRI for gagagaattcatgtggaaagcctctgc Cloning of cortactin  
(aa 1-84) 
4 Cttn 1-84 SalI rev gagagtcgacatagccgtgggaagcctt Cloning of cortactin  
(aa 1-84) 
5 huSpir1WH2CDf gagagaattcaaaaagagtgctcatgaaa Cloning of Spir-CD  
(aa 334-388) 
6 huSpir1WH2CDr gagagtcgactggtgatacaggccgcag Cloning of Spir-CD  
(aa 334-388) 
7 VV EcoRI for gagagaattccatcaagttccagctcct Cloning of N-WASP VV 
(aa 392-460) 
8 VV SalI rev 
 
gagagtcgacagtgggtgcgggtgttgg Cloning of N-WASP VV 
(aa 392-460) 
9 N-WASPΔAf 
 
gagagaattcatgagctcgggccagcag Cloning of N-WASPΔA 
(aa 1-483) 
10 N-WASPΔAr gagagtcgacttattcatctgaggaatga Cloning of N-WASPΔA 
(aa 1-483) 
 
Oligonucleotides used in this thesis were designed with Vector NTI Suite 8 and 10 
(Invitrogen) and were synthesized by MWG Eurofins. 
2.8.3 Generation of DNA constructs 
EGFP-fusion constructs were generated by polymerase chain reaction (PCR) 
introducing the respective restriction sites at the C- and N-termini of the respective 
fragment. Pfu DNA polymerase was used according to the manufacturer´s protocol. 
Annealing temperature and extension time were adapted according to the primers used 
and the size of the expected product, respectively. For subcloning DNA fragments from 
existing plasmids into different vectors, cutting sites of the multiple cloning sites were 
used. Both donor and acceptor vector were cut with the same enzymes or enzymes 
producing compatible ends and subsequently ligated using T4-DNA-ligase. All 
constructs were verified by restriction digests, sequencing and expression tests. 
2.8.4 DNA sequencing 
Plasmid DNA samples were sent to MWG Operon (Martinsried, Germany) for 
sequencing. Sequence files were downloaded from the website and aligned using 
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Multalin interface page (http://multalin.toulouse.inra.fr/multalin/multalin.html) or Vector 
NTI Suite 8 and 10 to verify correct DNA sequence. 
2.8.5 Restriction digest and dephosphorylation 
5 μg of plasmid DNA were digested in a total volume of 15-30 μl in the appropriate 
restriction buffer containing 10 U restriction enzyme for 1-2 h at 37 °C or 55 °C, 
dependent on the enzyme’s optimal operation temperature. To prevent religation of cut 
DNA vectors in cases where only one restriction enzyme was employed, vectors were 
dephosphorylated with 1 U alkaline phosphatase (Roche) for 5 min at 37 °C. Restricted 
fragments were run on a preparative agarose gel to verify correct size. 
2.8.6 DNA extraction from agarose gels 
DNA fragments for subcloning were extracted from agarose gels using the NucleoSpin 
Extract II Kit from Macherey&Nagel (Macherey-Nagel, Düren, Germany) according to 
manufacturer’s instructions.  
2.8.7 Ligation 
T4-DNA ligase (Roche) was used to covalently link DNA fragments with required 
vectors as recommended by the manufacturer. 10 to 100 ng of the vector was mixed 
with three times molar excess of the fragment and incubated overnight at 16 °C. 
Afterwards, the reaction was transformed into CaCl2-competent TG2 E. coli. 
2.8.8 Generation of CaCl2-competent E. coli 
To prepare competent E. coli that are highly efficient in taking up plasmid DNA, an 
overnight culture of TG2 was diluted 1:100 into SOB medium and incubated at 180 rpm 
at 37 °C until the optical density at 600 nm reached 0.5. The bacteria were harvested 
by centrifugation (5000 x g, 10 min, 4 °C). The pellet was resuspended in 1/5 of the 
culture volume of ice-cold 0.1 M CaCl2 and incubated for 20 min on ice. After 
centrifugation (5000 x g, 10 min, 4 °C), bacteria were resuspended in 1/100 to 1/200 of 
the culture volume of ice-cold 0.1 M CaCl2 and incubated for 3 h on ice. The bacteria 
were supplemented with glycerin to a final concentration of 10% (v/v), snap-frozen in 
liquid nitrogen and stored at -80 °C. 
2.8.9 Transformation of E. coli 
50 to 100 µl aliquots of competent E. coli were thawed on ice, mixed gently with 100 ng 
Plasmid-DNA or 10 to 20 µl of a ligation reaction and incubated on ice for 15 min. 
Bacteria were then heat-shocked at 42 °C for 1.25 min, incubated on ice for 2 min and 
resuspended in 250 µl of SOC-Medium. Bacteria were gently shaken at 37 °C for 
33 
                                                                                                     Materials and Methods 
30 min when a construct with ampicillin resistance was transformed, or for 1 h at 37 °C 
when the plasmid transformed harbored a kanamycin resistance to allow the bacteria 
to express the respective resistance gene. The bacterial suspension was plated on 
agar plates containing the appropriate antibiotic and incubated at 37 °C for 16 h. 
2.8.10 Preparation of plasmids from E. coli 
Mini, midi and maxi plasmid preparations were performed using the respective Nucleo- 
Bond plasmid purification kit from Macherey&Nagel. 
Briefly, bacteria were inoculated into LB-medium containing the appropriate antibiotic 
and incubated at 37 °C and 180 rpm overnight. Bacteria were harvested by 
centrifugation and resuspended in buffer containing RNase A. After lysis of the bacteria 
and a neutralizing step, the lysate was cleared by centrifugation. Cleared lysates were 
subjected to columns binding the DNA, followed by a washing step. The DNA was 
eluted and precipitated with isopropanol or ethanol to enhance purity. The DNA pellet 
was re-dissolved in an appropriate volume of H2O. 
2.8.11 Quantification of DNA 
The photometric absorption of DNA in solution has a maximum at a wavelength of 
260 nm. To determine the concentration of nucleic acid, an aliquot of the DNA solution 
was diluted to OD260 values between 0.1 and 1.0, which corresponds to a concentration 
range, in which the absorption is still linear. The concentration of the DNA can be 
calculated by including the molar extinction coefficient of DNA ε = 50 μg/μl as follows: 
c DNA [μg/μl] = OD260 · dilution factor · ε [μg/μl]. 
2.9 Protein biochemistry 
2.9.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis  
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed essentially according to Laemmli (Laemmli, 1970). SDS-PAGE gels were 
run in Minigel apparatures (Biometra) with 1 mm spacers. 
2.9.2 Coomassie Blue staining 
Proteins in SDS gels or blotted onto PVDF membranes were stained with a 0.1% 
Coomassie R-250 solution in 10% acetic acid and 25% isopropanol for 30 to 60 min 
followed by destaining of the gel or membrane in 10% acetic acid and 40% methanol. 
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2.9.3 Preparation of protein extracts from cultured cells  
Extracts from adherent tissue culture cells were obtained by one of the following 
method after washing the cells with 1x PBS. For standard extracts, 4x reducing SDS-
sample buffer was added directly to the cells (500 μl on a 10 cm diameter dish), then 
the cell lysate was removed from the dish using a cell scraper, boiled at 95 °C for 5 min 
and stored at -20 °C. If the determination of protein concentration in cell lysates was 
necessary, cells were lysed in ice cold IP-buffer (15 mM KCl, 50 mM NaCl, 8 mM Tris 
base, 12 mM Hepes, 5 mM MgCl2, pH 7.5 containing 1% Triton X-100 and 
supplemented with one Roche complete Protease inhibitor pill per 10 ml) and cell 
debris was removed by centrifugation of the lysate for 3 min at 13000 rpm. 
2.9.4 Measurement of protein concentration 
Protein concentration was determined using the Precision Red Advance protein assay 
(Cytoskeleton) according to the manufacturer´s manual or using Bradford assay.  
2.10 Immunobiological methods 
2.10.1 Primary antibodies 
Primary antibodies used in this study are listed in Table 2-3. 
Table 2-3: Primary antibodies 
antigen name mc/pc application source 
GFP 101G4B2 mc WB B. Behrendt, HZI, Braunschweig, Germany 
α-actinin4 – pc WB, IF Immunoglobe, Himmelstadt, Germany 
Cortactin 289H10 mc WB, IF, IP Christian Erck/Frank Lai, HZI, Braunschweig, Germany 
Vinculin V9131 mc WB, IF Sigma Aldrich, Hamburg, Germany 
ArpC5 323H3 mc IF Christian Erck/Kerstin Schilling, HZI, Braunschweig 
HS1 – pc WB Cell Signaling, Danvers, U. S. A. 
Shigella – pc IF Abcam, Cambridge, U. K. 
α-Tubulin 3A2 mc WB, IF Synaptic Systems, Göttingen, Germany 
 
 
 
 
 
 
 
 
 
35 
                                                                                                     Materials and Methods 
2.10.2 Secondary reagents 
Secondary reagents used in this study are listed in Table 2-4. 
Table 2-4: Secondary reagents 
name species antibody 
species 
antigen conjugation source 
A4a Goat Mouse Peroxidase (PO)  Dianova, Hamburg, Germany 
B4c Goat Rabbit Peroxidase (PO) Dianova, Hamburg, Germany 
B12c Goat Rabbit Alexa FluorTM 488 Invitrogen, Darmstadt, Germany 
B13c Goat Rabbit Alexa FluorTM 594 Invitrogen, Darmstadt, Germany 
B16c Goat Rabbit Alexa FluorTM 350 Invitrogen, Darmstadt, Germany 
A12c Goat Mouse Alexa FluorTM 488 Invitrogen, Darmstadt, Germany 
A13c Goat Mouse Alexa FluorTM 594 Invitrogen, Darmstadt, Germany 
Ph12 (Phalloidin) Alexa FluorTM 488 Invitrogen, Darmstadt, Germany 
Ph13 (Phalloidin) Alexa FluorTM 594 Invitrogen, Darmstadt, Germany 
Ph16 (Phalloidin) Alexa FluorTM 350 Invitrogen, Darmstadt, Germany 
 
2.10.3 Western blotting 
Western blots were performed as follows: after separation on SDS-PAGE gels, proteins 
were transferred onto PVDF-membranes (Immobilon P, Millipore) using a semidry 
blotting system (Pegasus, Phase, Germany) and a glycine methanol SDS blotting 
buffer [50 mM Tris, 39 mM glycine, 0.037% (w/v) SDS, 20% (v/v) methanol] at a 
constant current of 2 mA per cm2 of gel area for 90 to 120 min. Transfer efficiency was 
monitored by staining of the membranes with Ponceau S solution (0.5% Ponceau S 
(Sigma), 40% methanol, 15% acetic acid). Membranes were blocked for 30 min at 
room temperature or at 4 °C overnight in blocking buffer (10% dry-milk in TBS-T buffer 
(20 mM Tris-HCl pH 7.6; 137 mM NaCl; 0.1% Tween20)). Afterwards, membranes 
were incubated for 1 h at room temperature or overnight at 4 °C in 1% dry-milk in 
TBS-T buffer containing the primary antibody typically at a concentration of 1 μg/ml. 
Membranes were washed three times in TBS-T buffer for 5 min and then incubated for 
1 h at room temperature with 1% dry-milk in TBS-T buffer containing the secondary 
antibody. Membranes were again washed three times with TBS-T buffer and 
additionally with TBS-T containing 0.1% Triton X-100 and incubated for up to 4 min 
with the chemiluminescence substrate Lumilight (Roche) and exposed to Hyperfilm 
ECL (Amersham Biosciences). 
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2.11 Tissue culture, transfections and treatments 
2.11.1 Media and solvents 
Growth medium 1:  DMEM high (Dulbecco´s Modified Eagle Medium, 
Gibco), 4.5 g/l glucose  
              FCS PAA Clone (PAA)      10% 
               L-glutamine (Gibco)       2 mM 
 
Growth medium 2:  DMEM low (Dulbecco´s Modified Eagle Medium, 
Gibco), 1 g/l glucose 
FCS Lot: 047K3395 (Sigma)    10% 
L-glutamine (Gibco)        2 mM 
 
Growth medium 3:       RPMI 1640 (Roswell Park Memorial Institute, Gibco) 
              FCS Lot: 047K3395 (Sigma)   10% 
              L-glutamine (Gibco)       2 mM 
 
Microscopy Medium:     F12-HAM Medium Hepes Modification (Sigma) 
              FCS PAA Clone (PAA)      10% 
              L-glutamine (Gibco)       2 mM 
              Penicillium (Gibco)       25000 U 
Streptomycin (Gibco)      25000 µg 
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2.11.2 Cell lines 
All cell lines were cultured at 37 °C and 7.5% (v/v) CO2. 
Table 2-5: Cell lines employed in this work. 
name species type growth medium source 
B16-F1 Mus musculus Melanoma, skin 1 ATCC (CRL-6323) 
Cttnfl/fl Mus musculus 
ES cell-derived 
Cortactinfl/fl fibroblastoid 
cells harboring puromycin 
and neomycin resistance 
2 
Frank Lai, HZI 
(Lai et al., 2009) 
Cttndel/del Mus musculus 
Cortactin KO fibroblastoid 
cells obtained by Cre 
recombinase-mediated 
removal of cortactin gene 
in vitro 
2 
Frank Lai, HZI 
(Lai et al., 2009) 
Cttnfl/fl Flpe Mus musculus 
Cortactinfl/fl Flpe fibroblasts 
isolated from mice after 
excision of neomycin 
cassette 
2 Frank Lai, HZI 
Cttndel/del Flpe Mus musculus 
Cortactin KO fibroblasts 
derived from Cttnfl/fl Flpe 
cells upon cortactin gene 
deletion in vitro 
2 Frank Lai, HZI 
Raw 264.7 Mus musculus macrophage cell line 3 ATCC (TIB-71) 
Klon 1 Mus musculus N-WASPfl/fl fibroblast 2 (Lommel et al., 2001) 
Klon 1H51 Mus musculus N-WASP KO fibroblast 2 (Lommel et al., 2001) 
 
Cttnfl/fl and Cttndel/del cells were as described in Lai et al. (Lai et al., 2009). Cttnfl/fl Flpe and 
Cttndel/del Flpe cells were also kindly provided by Frank Lai. Briefly, primary fibroblasts 
from mice carrying the cortactin floxed allele (see Figure 3-1) were prepared from 
embryos in E14.5 and immortalized by retroviral transduction of SV40 LargeT antigen. 
For deletion of exon 7, cells were treated with Adenovirus Cre. 
All experiments in chapter 23.1 were performed with the Cttnfl/fl and Cttndel/del cells, 
which were published in Lai et al., 2009, except for the repetition of Listeria invasion, in 
which Cttnfl/fl Flpe and Cttndel/del Flpe were used. 
2.11.3 Cell culture prior to microscopic analysis 
For microscopic analysis, either untransfected cells or cells transiently transfected with 
respective constructs were seeded subconfluently on glass coverslips coated with 
25 µg/ml laminin (Roche) or 25 µg/ml fibronectin (Roche). Cells seeded on laminin 
were allowed to spread for at least 3 h, cells seeded on Fibronectin were allowed to 
spread overnight. 
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Coverslips were pretreated by incubation in a solution of 60% ethanol and 40% 
concentrated HCl for 1 to 3 h under agitation followed by extensive washing with 
deionized water. Coverslips were air-dried on Whatman filter paper overnight and 
autoclaved. 
2.11.4 Transfections 
Transfections were carried out using SuperFect (Qiagen, Germany, for B16-F1), 
FuGene HD (Roche, Germany, for Cttnfl/fl and KO cells) or FuGene 6 (Roche, 
Germany, for N-WASPfl/fl and KO cells) according to manufacturer´s protocols.  
Briefly, 50 μl Optimem were mixed with 3 μl FuGene (6 or HD), incubated for 5 min 
before 1 μg DNA was added and the mixture was again incubated for 20 min at room 
temperature. Transfection mixture was added directly to the growth medium of cells in 
a 3 cm diameter dish and incubated for 16 to 40 h. 
For B16-F1 transfections, 1 μg DNA was mixed with 50 μl Optimem and 6 μl 
SuperFect, incubated for 15 to 30 min at room temperature and added to cells in a 
3 cm diameter dish. Cells were cultivated with the transfection medium for 16 h. For 
transfections of cells in larger or smaller dishes, the volumes of each component were 
scaled up or down accordingly. 
2.11.5 Gentamicin protection assay 
Invasiveness assays with L. monocytogenes EGD WT and the isogenic negative 
control strain L. monocytogenes ΔInlA/B were performed in 24-well tissue culture 
plates. Before infection, bacteria were washed once in PBS and diluted in tissue culture 
medium to a concentration of 109 colony forming units per ml. Growth medium of the 
cells was exchanged for the bacterial suspensions (1 ml per well) and bacteria were 
centrifuged onto the cells at 1900 rpm for 4 min. After 1 h incubation at 37 °C and 7.5% 
CO2, cells were washed twice with PBS, and medium containing gentamicin (50 μg/ml) 
was added. The antibiotic gentamicin hardly crosses the plasma membrane of 
mammalian cells, leading to selective killing of extracellular bacteria but protection of 
bacteria inside the host cells. After 1.5 h incubation at 37 °C and 7.5% CO2, cells were 
washed three times with pre-warmed PBS and lysed by adding 500 μl of 0.2% 
Triton X-100. The number of viable bacteria released from the cells was assessed by 
plating the cell lysates on BHI agar plates in triplicates and counting bacterial colonies 
after incubation of the plates at 37 °C overnight. Data from three independent 
experiments were normalized to an invasion of 1 (100%) in respective control 
populations as indicated. 
39 
                                                                                                     Materials and Methods 
2.11.6 Cells treatments 
For stimulation of cells with HGF or InlB, cells were seeded onto glass coverslips 
coated with fibronectin and starved overnight for 16 to 18 h in minimal medium (DMEM 
without supplements). Cells were stimulated for 7.5 min with DMEM containing 20 ng/µl 
HGF (human recombinant, Sigma, Germany) or 55 ng/µl InlB (purified, full length InlB 
(Bosse et al., 2007) kindly provided by Dr. Hartmut Niemann, University of Bielefeld, 
Germany), respectively. 
2.12 Immunofluorescence microscopy and live-cell imaging 
2.12.1 Labeling of the actin cytoskeleton 
Phalloidin, a component derived from the mushroom Amanita phalloides, specifically 
binds to actin filaments and stabilizes them against depolymerization (Cooper, 1987). 
3 U/ml of fluorescent phalloidin derivatives coupled with Alexa FluorTM 488, Alexa 
FluorTM 594 or Alexa FluorTM 350 (Molecular Probes) were diluted in PBS to label actin 
filaments in fixed and permeabilized cells. 
2.12.2 Fixation procedures, stainings and analysis 
Prior to stainings with antibodies or phalloidin, cells were fixed with 4% formaldehyde 
(PFA) in PBS for 20 min and extracted with a mixture of 0.1% Triton X-100 and 4% 
PFA in PBS for 1 min. Afterwards, cells were washed three times with PBS and 
blocked with 5% horse serum in 1% BSA for 1 h at room temperature.   
For immunofluorescence stainings, primary antibodies were diluted in 1% BSA and 
incubated for 1 h at room temperature. After washing the coverslips extensively with 
PBS, the samples were incubated with secondary antibodies coupled with Alexa 
FluorTM 350, Alexa FluorTM 488 or Alexa FluorTM 594 for 45 min at room temperature. 
The samples were mounted in 5 μl Mowiol 4-88 (Calbiochem) supplemented with 
n-propylgallate (2.5 μg/ml), dried and stored in the dark at 4 °C until analysis.  
Immunofluorescence stainings were analyzed on an inverted microscope (Axiovert 
100TV, Zeiss, Jena, Germany) using 63x/1.4 NA or 100x/1.4 NA plan apochromatic 
objective. For triple stainings, analysis was performed using 63x/1.25 NA or 100X/1.3 
NA Plan-Neofluar objectives. The microscope was equipped for epifluorescence with 
electronic shutters (i.e. Uniblitz Electronic 35 mm shutter including driver Model VMMD-
1, BFI Optilas) to allow for computer-controlled opening of the light paths, filter wheel 
(e.g. LUDL Electronic Products LTD, SN: 102691 and driver SN: 1029595) to enable 
two-color live cell imaging in combination with appropriate dichroic beam splitters and 
emission filters (Chroma Technology Corp., Rockingham, USA), tungsten lamp 
(Osram, HLX64625, FCR 12V, 100W) for phase contrast optics and mercury lamp 
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(HBO 100W/2, Osram) for epifluorescence and immersion oil (refraction index of 1.518, 
Zeiss). Images were acquired with a back-illuminated, cooled charge-coupled-device 
(CCD) camera (TE-CCD 800PB, CoolSnap K4 or CoolSnap HQ2, Princeton Scientific 
Instruments, Princeton, USA) driven by IPLab software (Scanalytics Inc., Fairfax, USA) 
or MetaMorph software (Molecular Devices, Sunnydale, USA). Data and images were 
processed using ImageJ and Adobe Photoshop 7.0 or CS4 software. 
2.12.3 Electron microscopy 
Electron microscopy images were performed by Vic Small, Marlene Vinzenz, Maria 
Nemethova and Sonja Jakob at the Austrian Academy of Science, Vienna, Austria. For 
negative stain electron microscopy, cells were grown on formvar films and processed 
essentially as described (Auinger and Small, 2008).  
2.12.4 Live cell imaging and data analysis 
Cells were observed in an open chamber (Warner Instruments, Hamden, USA) with a 
heater controller (model TC-324B, SN:1176) at 37 °C. Microscopy medium with 
complete supplements of the regular growth medium (see 2.1.19) was used for imaging 
of B16-F1 cells. 
Wound healing assays were performed by using an AxioCam MRm camera (Carl Zeiss 
Jena) on an Axiovert 200 automatic microscope equipped with closed heating and CO2 
perfusion devices. Cells were transfected with Fugene HD, sorted after 24 h with a 
FACS sorter to enrich EGFP-positive cells and seeded in a 12-well cell culture dish. 
After 48 h, a wound was scratched in the confluent layer of cells using a pipette tip and 
wound closure recorded for 24 h with a time interval of 15 min between frames. Wound 
closure rates were calculated by dividing the cell-free area at the beginning of the 
movie by the time the cells needed to cover the entire wound. Wound area was 
determined using ImageJ (http://rsb.info.nih.gov/ij/), and statistics were carried out 
using Sigma Plot 10.  
2.12.5 Fluorescence recovery after photobleaching (FRAP) microscopy 
Cells were maintained on the microscope as described in 2.1.28. FRAP experiments 
were performed using a double-scanheaded confocal microscope (Fluoview1000, 
Olympus) equipped with a 100x/1.45NA PlanApo TIRF objective (Olympus Inc.), 
allowing simultaneous imaging of EGFP- and mCherry-tagged probes (with 30 mW 
488 nm multiline argon and 20 mW 561 nm solid-state lasers, respectively) and 
photobleaching using a 20 mW 405 nm diode laser. Circular regions were bleached in 
the tornado mode. Image analysis was carried out on a PC using FV10-ASW 1.6 
viewer (Olympus Inc., Olympus, Hamburg, Germany) and Metamorph (Molecular 
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Devices Corp.). FRAP data were analyzed using SigmaPlot 10.0 (Scientific Solutions 
SA, Pully-Lausanne, Switzerland) and Microsoft Excel 2000.  
2.12.6 FRAP data analysis 
FRAP data were analyzed essentially as described (Rabut and Ellenberg, 2005). Best 
linear fits were calculated using SigmaPlot 10.0 (Scientific Solutions SA, Pully-
Lausanne, Switzerland). Background fluorescence intensities taken from a region 
outside the cell were subtracted from each individual region and frame. Acquisition 
photobleaching was subtracted as recommended (Rabut and Ellenberg, 2005) and 
determined using a single microtubule largely unaffected by experimental bleaching. 
The average fluorescence intensity of the microtubule in the last frame before 
photobleaching was defined as maximum and normalized to 1. Exponential curves in 
Figure 3-25 corresponded to best fits of means. Fitted data followed equation 
y(t) = a·(1-exp(-b·t)) + c·(1-exp(-d·t)), with a = 0.5628, b = 0.1583, c = 0.3708 and 
d = 0.0253 for MBD-VVCA and a = 0.2743, b = 0.3601, c = 0.6246 and d = 0.0164 for 
actin. Half times of recovery (t1/2) were calculated by solving the corresponding 
equations at 50% of the maximal recovery value derived from each fitted curve.  
2.13 Transgenic mouse strains and genotyping of mice 
2.13.1 Transgenic mouse strains 
HS1-deficient mice (Taniuchi et al., 1995) were provided by Takeshi Watanabe 
(Kyushu University, Japan) and Daisuke Kitamura (University of Tokyo, Japan). 
Transgenic cortactin mice used in this thesis were generated by Frank Lai (HZI) and 
maintained under specific-pathogen-free (SPF) conditions in an animal facility. 
Cortactin-deficient mice were produced using a conditional knockout approach. Two 
different mouse strains were available. In the first approach, mice carrying the targeted 
allele were mated with Cre-deletor mice resulting in mice with deleted Neo alleles, 
whereas in the second approach first the neomycin cassette was deleted using Flpe 
recombinase resulting in the floxed allele and subsequent crossings with mice carrying 
the Cre recombinase gene gave the deleted allele Figure 3-1. For Cortactin/HS1 
double mutant mice HS1 null mice were crossed with cortactin KO mice carrying the 
deleted Neo allele to obtain animals heterozygous for both genes.  
2.13.2 DNA preparation of tail biopsies 
To determine the genotypes of transgenic mice, DNA from tail biopsies was extracted 
by incubating the tails in 300 µl DNA lysis buffer (100 mM Tris-Base, 5 mM EDTA 
pH 8.0, 0.2% SDS, 200 mM NaCl, pH 8.5, 500 µg/ml Proteinase K) for 2 h at 55 °C 
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under agitation. Un-dissolved particles were pelleted by centrifugation at 13000 rpm for 
1 min and removed from the supernatant. DNA was precipitated by addition of 700 µl 
pure ethanol, pelleted for 10 min at 4000 rpm and washed with 70% ethanol. The DNA 
was dried for 10 min at room temperature, dissolved in 100 to 200 µl sterile H20 and 
stored at 4 °C. 
2.13.3 Genotyping PCR 
Genomic DNA from mouse biopsies was used to determine the genotype of transgenic 
mice in genotyping PCRs. See table Table 2-6 for the primer sets employed in this 
thesis. The genotyping PCR was performed in 10 µl standard reaction buffer (1x 
GoTaq buffer green, 2 mM MgCl2, 0.2 mM dNTPs, 0.4 mM forward primer(s), 0.4 mM 
reverse primer, 0.25 U GoTaq polymerase) supplemented with 1.5 µl DNA.  
The following PCR program was used: 
95 °C for 2 min 
95 °C for 20 s      
58 °C for 30 s    x 34 cycles 
72 °C for 30 to 45 s  
72 °C for 3 min 
PCR products were separated in 2% agarose gels. 
Table 2-6: Primer pairs used for cortactin and HS1 genotyping 
genotype primer names primer sequences 
Cttn WT allele (150 bp) 
targeted allele (250 bp) 
Cttn-allele-loxPL fw 
Cttn-allele-loxPR rv 
5’-agggtctgaccatcatgtcc-3’ 
5’-gacttattccaggcacagca-3’ 
Cttn Exon 7 allele (650 bp) 
Cttn exon7 del fw 
Cttn exon7 del rv 
5’-cctggaataagtcagccaagc-3’ 
5’-atggccctagaggtcaaagc-3’ 
Cttn WT allele (150 bp) 
floxed allele (370 bp) 
Frt-det Fw 
Frt-det Rv 
5’-ctctgctctgtgctttgacc-3’ 
5’-gtgctgttcatccacaatgc-3’ 
Cttn WT allele (200 bp) 
deleted Neo allele (400 bp)   
Cttn-allele-loxPL fw 
Cttn-allele-loxPR rv 
PPNT-seq Rv 
5’-agggtctgaccatcatgtcc-3’ 
5’-gacttattccaggcacagca-3’ 
5’-ggtggatgtggaatgtgtg-3’ 
Cttn WT allele (900 bp) 
deleted allele (400 bp) 
Cttn-allele-loxPL fw 
Frt-det Rv 
5’-agggtctgaccatcatgtcc-3’ 
5’-gtgctgttcatccacaatgc-3’ 
HS1 WT allele (350 bp) 
KO allele (250 bp) 
HS1-KO-end-3’ 
LacZ 3’ 
HS1 Ex10 seq Fw  
5’- ggcatggatggctgctggac-3‘ 
5‘-catgcttggaacaacgagcgc-3‘ 
5‘-ccttcgtcacatggaatatg-3‘ 
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2.14 Isolation and culture of peritoneal macrophages 
Peritoneal macrophages were isolated from cortactin control and KO mice as well as 
Cortactin/HS1 control and KO mice. After gasing the mice with CO2 and sterilizing them 
in 70% ethanol, the fur on the abdomen was removed and 5 ml ice cold PBS was 
carefully injected into the abdominal cavity. The abdomen was gently massaged to 
detach macrophages inside the peritoneum. PBS containing macrophages was 
harvested from the peritoneum using a Pasteur pipette and collected in a 15 ml tube. 
The cells were pelleted for 4 min at 1000 rpm, resuspended in Growth medium 3 (see 
2.1.19) and seeded in 4-well plates. After 24 h, the cells were gently washed 5 times 
with PBS to remove non-adherent cells. Prior to immunofluorescence stainings, 
macrophages were washed with PBS and detached from the cell culture dish with 
Alfazyme (PAA) for 45 min at 37 °C. Macrophages were seeded onto coverslips coated 
with fibronectin (25 µg/ml), allowed to spread for 16 to 24 h and subjected to 
immunofluorescence procedure as described above (2.1.26).  
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3 Results 
3.1 Characterization of cortactin knockout in fibroblast cells and 
primary macrophages 
Cortactin is a multidomain protein implicated in a variety of different cellular functions. It 
harbors an N-terminal acidic domain that was shown to bind the Arp2/3 complex, six 
and a half F-actin binding repeats, a helix motif with so far unknown function, a proline- 
rich domain with various phosphorylation sites and a SH3 domain at the very C-
terminus. In pyrene assays cortactin was shown to weakly activate the Arp2/3 complex 
(Weed et al., 2000), and RNAi studies implicated cortactin to play crucial roles in cell 
migration, endocytosis and invasion of pathogens (see 1.1.6.3). To define the precise 
function of cortactin in the aforementioned processes, a conditional knock out (KO) in 
mice as well as cortactin knockout mouse embryonic fibroblasts (MEF cells) were 
generated and provided by Frank Lai.  
Characterization of cortactin-deficient MEF cells revealed that there was no alteration 
in the ability of these cells to form lamellipodia upon microinjection of constitutively 
active Rac1 (Lai et al., 2009). Similarly, the ultrastructure of lamellipodia was normal, 
as shown by electron microscopy and the retrograde flow of actin and Arp2/3 complex 
was even slightly enhanced in the absence of cortactin (Lai et al., 2009). In 
contradiction to results obtained using RNAi approaches, the assembly of clathrin-
coated pits and the uptake of EGF-receptor was not impaired upon KO of cortactin. 
Instead, evidence was provided that the signaling cascade induced by PDGF was 
abrogated upon cortactin KO (Lai et al., 2009). Moreover, in agreement with results 
obtained from knockdown experiments (van Rossum, Moolenaar, and Schuuring, 2006; 
Zhu et al., 2010), the wound healing rate in cortactin-deficient cells was reduced to 
70% of control cells (Lai et al., 2009). 
In Figure 3-1, a schematic overview is given of the targeting strategy as well as the 
allele composition after Cre- and Flpe-mediated recombination, respectively, that led to 
the generation of cortactin KO cells and mice. In the first approach, Cre recombinase in 
cells or mice carrying the cortactin targeted allele resulted in a deleted allele that still 
harbored the neomycin-cassette, referred to as deleted Neo allele. In the second 
approach, the neomycin-cassette was deleted by Flpe recombinase giving the floxed 
allele and subsequently Cre-mediated excision of exon 7 generated the deleted allele.  
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Figure 3-1: Targeting strategy and allele composition after recombination via Cre and 
Flpe recombinase for the generation of cortactin KO cells and mice. 
Through homologous recombination of the targeting vector and the wildtype allele in ES cells, a 
targeted cortactin allele was generated. In the targeted allele exon 7 is flanked by loxP-sites 
(black arrowheads) and a neomycin-cassette (Neo) adjacent to the second loxP-site is present 
that contains frt-sites at the beginning and the end of the sequence. The deleted Neo allele was 
obtained by Cre-mediated excision of exon7, whereas Flpe recombination transformed the 
targeted allele into the floxed allele and subsequent Cre recombination resulted in the deleted 
allele.  
3.1.1 Rescue of the wound healing defect in cortactin-deficient cells with 
constitutively active Rho-GTPases 
In cortactin KO cells of the first KO approach (Figure 3-1), the levels of active Rho-
GTPases were altered and wound closure was less efficient as compared to control 
cells (Lai et al., 2009). To investigate if there was a link between both observations, 
EGFP-tagged, constitutively active forms of the Rho-GTPases Rac and Cdc42 were 
transfected into cortactin control and deficient cells, which were subsequently 
subjected to wound healing assays. As controls, both parental, cortactin-expressing 
and cortactin KO cell lines were transfected with EGFP. Wound healing experiments of 
EGFP-transfected cells confirmed a significant reduction in wound closure efficiency to 
75% in the KO cells compared to cortactin-expressing control cells (Figure 3-2). 
However, when cortactin KO cells were transfected with active Rac1, they displayed an 
increased wound closure rate of approximately 85%. The opposite effect was observed 
in the control cells, where Rac1 overexpression decreased wound healing efficiency 
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significantly by 8%. In addition, expression of constitutively active Cdc42 in cortactin 
KO cells restored wound healing rates to almost 95% of control cell rates. Active Rho-
GTPases were thus able, at least in part, to rescue the wound healing defect in 
cortactin-deficient cells. These data indicate that the impaired migration rates in 
cortactin-depleted cells are not due to altered architecture in the actin cytoskeleton or 
lower levels of active Arp2/3 complex, but instead the result of a signaling defect 
leading to lower levels of active Rac1 and Cdc42.  
 
Figure 3-2: The wound closure rate of cortactin-deficient cells can be restored by 
expression of constitutively active Rho-GTPases. 
Control (fl/fl) and cortactin KO cells were transfected with either EGFP, EGFP-Rac1 or EGFP-
Cdc42, as indicated. One day after transfection, cells were FACS-sorted and seeded into 12-
well plates. After two days a wound was scratched into the cell monolayer and wound closure 
was monitored using an automatic microscope. Average wound closure rates were calculated 
by dividing the wound area at the beginning of movies by the time cells needed for wound 
closure. Wound closure rates from control cells were normalized to 1. n corresponds to number 
of movies analyzed. Data are means and standard errors of means (error bars). Statistically 
significant differences are indicated with asterisks. 
3.1.2 Analysis of α-actinin expression in control and cortactin KO cells 
During the characterization of cortactin KO cells, an RNA array (Affymetrix, Santa 
Clara, USA) was carried out, which allowed the comparison between the transcription 
levels of genes in cortactin control and KO cells and was employed to detect genes 
that were up- or downregulated upon cortactin depletion. Analysis of the RNA array 
data revealed that the message of the actin bundling protein α-actinin, which is present 
in focal adhesions, stress fibers and the cell periphery, is reduced to between 25% and 
50% in cortactin KO cells. The variability derives from several independent array 
positions that correspond to different complementary sequences of the α-actinin 
message. To examine, if the reduction of α-actinin is also detectable on protein level, 
quantitative western blots were performed. 
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3.1.2.1 α-actinin isoform 4 is also downregulated upon cortactin 
depletion at the protein level 
Mammals express α-actinin in four different isoforms. Isoforms 2 and 3 are restricted to 
muscle cells, whereas in non-muscle cells α-actinin isoforms 1 and 4 are found, which 
localize primarily to focal adhesions, in a spotty fashion along stress fibers (Sjöblom, 
Salmazo, and Djinović-Carugo, 2008) and lamellipodia (Otey and Carpen, 2004). In the 
first approach to determine the protein level of α-actinin in control and cortactin KO 
cells a pan-antibody was used, which detects all isoforms. When western blots were 
performed, at least four bands between 90 and 120 kDa were visible representing 
different isoforms of α-actinin or cross reactions of the antibody, which complicated 
density measurements of the protein bands (data not shown). To circumvent this 
problem, an antibody solely recognizing α-actinin isoform 4 was applied, which 
detected only one band at the expected molecular weight of 100 kDa.  
 
A 
B 
Figure 3-3: α-actinin4 protein level is reduced in cortactin-deficient cells. 
(A) Exemplary western blot with SDS samples from control cells (fl/fl) and the pooled KO cell 
population (KO P), as well as the individual KO clones (KO 1, 3-6) probed with anti-α-actinin4 
antibodies. (B) Five blots as in (A) were subjected to density measurements of α-actinin4 and 
vinculin. α-actinin levels of the control cells were normalized to 100%. Ø represents the 
arithmetic mean of all individual clones. All data are means and standard errors of means (error 
bars). Asterisks indicate statistically significant differences between fl/fl cells and both KO P and 
the mean of all individual clones (Ø). 
The cortactin-deficient cells used in this thesis were a pooled population of five 
individual clones derived after Adenovirus Cre-induced gene disruption. For 
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determination of α-actinin protein levels, SDS samples of control cells and the pooled 
cortactin KO cells were used. Additionally, SDS samples from all five individual KO 
clones were used in western blotting to ensure that all KO clones showed comparable 
α-actinin protein levels (Figure 3-3). Bands from five western blots as in Figure 3-3 
were subjected to density measurements and the analysis of western blots with 
samples harvested at different days revealed that the protein level of α-actinin4 was 
reduced to ~50% in the pooled cortactin KO cells. α-actinin levels in the individual 
cortactin KO clones varied between 45% and 60%, however, all clones were reduced 
in α-actinin4 protein levels and the average of all individual clones mirrored the value of 
the pooled population. These results confirmed the RNA array data concerning the 
downregulation of  α-actinin to 50% upon depletion of cortactin, although no link 
between the absence of cortactin and reduced α-actinin levels could be established so 
far. 
3.1.2.2 Subcellular localization of endogenous α-actinin4 
The distribution of endogenous α-actinin4 in control and cortactin KO cells was 
elucidated in order to detect potential differences in the localization of the protein upon 
cortactin depletion. Immunofluorescence stainings with the anti-α-actinin4 antibody 
showed the same localization to focal adhesions and the cell front in both cell 
populations (Figure 3-4). In conclusion, although cortactin depletion clearly affected 
α-actinin expression levels, it did not apparently influence its subcellular positioning. 
 
Figure 3-4: Localization of endogenous α-actinin4 in control and cortactin KO cells. 
Control (fl/fl) and cortactin KO cells were seeded on fibronectin, fixed and stained with an 
anti-α-actinin4 antibody. In both cell lines the antibody labeled focal contacts (arrowheads) and 
lamellipodia (arrows). No differences in expression levels were discernable. Bar, 10 µm. 
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3.1.3 Invasion of Listeria monocytogenes is strongly impaired in 
cortactin KO cells 
Cortactin has been implicated in host-pathogen interactions, such as EPEC pedestal 
formation (Cantarelli et al., 2002) and invasion by both Shigella flexneri (Bougneres et 
al., 2004) and Listeria monocytogenes. It localizes to attachment sites of the pathogens 
at the host cell surface and throughout the actin comet tails driving the movement of 
certain intracellular bacteria (Barroso et al., 2006), pointing to a function of cortactin in 
the formation and/or maintenance of these structures.  
In earlier studies, the cortactin-deficient cells studied here were subjected to infection 
experiments with different pathogens such as enterohemorrhagic Escherichia coli 
(EHEC), enteropathogenic Escherichia coli (EPEC) and S. flexneri (experiments were 
performed by Tanja Bosse and Brigitte Denker, data not shown). Surprisingly, no 
changes could be identified in pedestal formation of EHEC and EPEC, or in invasion by 
and intracellular actin tail formation of S. flexneri, demonstrating that although cortactin 
is recruited to pathogen-induced actin rearrangements, it is dispensable for attachment, 
invasion and intracellular movement of those bacteria mentioned above (unpublished 
data).  
For Listeria invasion experiments, which were carried out by Tanja Bosse, control and 
cortactin KO cells were seeded in 24-well plates and were infected on the next day with 
both L. monocytogenes WT and a mutant lacking both Internalin A and B (L. m. 
ΔInlA/B). L. monocytogenes employs interaction with the E-cadherin and c-Met 
transmembrane receptors to enter host cells mediated by bacterial InlA and B, 
respectively. Upon binding of both internalins to their receptors, cellular response are 
induced that lead to the uptake of the bacterium. Additionally, invasion can take place 
independently of InlA/B through so far unknown factors, currently referred to as “non-
specific” uptake. InlA was shown to exclusively associate with human E-cadherin 
(Lecuit et al., 1999; Schubert et al., 2002), thus invasion of L. monocytogenes could 
only take place via InlB or the non-specific pathway in these cells, as they were of 
murine origin. As displayed in Figure 3-5, the non-specific uptake of L. monocytogenes 
measured by invasion of the InternalinA/B null mutant accounted for about 50% of total 
internalization in control cells and was only marginally lower in cortactin KO cells. Thus, 
the non-specific invasion path was strongly employed by the bacteria in both cell lines 
and did not require cortactin function. In contrast, invasion efficiency of WT 
L. monocytogenes was reduced to 50% upon cortactin deletion, which equals the 
values of non-specific bacterial uptake.  
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Figure 3-5: The specific invasion of L. monocytogenes is blocked in cortactin KO cells. 
Uptake of L. monocytogenes EGD WT and ΔInlA/B mutant in control (Cttnfl/fl) and Cttn KO cells 
as examined by a gentamicin protection assay, demonstrating that the specific invasion of 
Listeria is inhibited upon cortactin depletion. Bacteria uptake of WT bacteria in control cells was 
normalized to 100%. Data are means and standard errors of means (error bars) from at least 
three independent experiments. Data were kindly provided by Tanja Bosse. 
Invasion experiments with L. monocytogenes were repeated using control and 
cortactin-deficient cells derived from Cttnfl/fl mice after Flpe recombination (see 2.1.20 
and Figure 3-1), called controlFlpe and cortactin KOFlpe cells, to verify that cortactin loss-
of-function was indeed the cause for defective InlB-mediated invasion in the 
aforementioned experiment. To confirm that cortactin KOFlpe cells did not express 
cortactin, western blotting was performed using cortactin antibodies.  
 
Figure 3-6: Cortactin is absent from Cttn KOFlpe cells. 
Western blotting of cell extracts from controlFlpe and cortactin KOFlpe (Cttn KOFlpe) cells with anti-
cortactin (anti-Cttn) and anti-tubulin (anti-Tub) antibodies. Note that in controlFlpe cells a double 
band characteristic for cortactin is visible, whereas no band is visible in cortactin KOFlpe cells. 
The tubulin blot confirms equal loading. Numbers correspond to protein size in kDa. 
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In controlFlpe cells, a characteristic double band corresponding to cortactin was visible, 
albeit in extracts from cortactin KOFlpe cells no band was discernable. The same blot 
was stripped and incubated with anti-tubulin antibodies to confirm equal loading of 
controlFlpe and cortactin KOFlpe cell extracts (Figure 3-6). 
As shown in Figure 3-7, cortactin KOFlpe cells showed the same reduction of WT 
Listeria uptake to about 50% in comparison to controlFlpe cells, and the non-specific 
invasion as measured with the InlA/B-deficient Listeria mutant accounted for half of the 
total bacterial uptake. In conclusion, the InlB-dependent invasion pathway was 
completely blocked in the absence of cortactin, which was in good agreement with 
previous studies using cortactin RNAi (Barroso et al., 2006). 
 
Figure 3-7: Recapitulation of dependence of InlB-mediated Listeria invasion on cortactin. 
Listeria invasion experiments as in Figure 3-5 were repeated using control (Cttnfl/fl Flpe) and 
cortactin KOFlpe (Cttn KOFlpe) cells, which confirmed the abolishment of InlB-mediated Listeria 
internalization upon cortactin knockout. WT bacteria uptake in contolFlpe cells was normalized to 
100%. Data are means and standard errors of means (error bars) from three independent 
experiments. Asterisk and corresponding p value indicates statistically significant differences 
between uptake of WT bacteria in controlFlpe and cortactin KOFlpe cells. 
3.1.4 Stimulation of the c-Met pathway is not affected upon cortactin 
depletion 
So far, no link was established between InlB-mediated invasion employing c-Met 
receptor and cortactin. As outlined above, InlB binds to the transmembrane receptor 
c-Met, which induces a signaling cascade that induces local actin polymerization 
engulfing the bacterium and finally results in the uptake of the pathogen into the host 
cell. An important question was, whether the signaling cascade of c-Met was defective 
in cortactin KO cells leading to abolished InlB-dependent invasion. To answer this, 
stimulation experiments were performed using HGF, the mammalian ligand of c-Met 
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receptor, and purified, soluble InlB (kindly provided by Dr. Hartmut Niemann, University 
of Bielefeld), which is produced by L. monocytogenes to hijack the c-Met pathway 
during entry into the host cell. Stimulation of c-Met is known to induce dorsal ruffles 
(Buccione, Orth, and McNiven, 2004). Dorsal ruffles are actin-rich structures that form 
upon growth factor treatment with factors such as EGF and HGF, and are implicated in 
receptor internalization and macropinocytosis (see 1.1.2).  
 
Figure 3-8: HGF and InlB stimulation is not impaired in cortactin KO cells. 
Representative phalloidin stainings of the actin cytoskeleton of cells, which were starved with 
DMEM without serum overnight and subsequently treated for 7.5 min with DMEM alone 
(unstimulated) or with DMEM containing 20 ng/ml HGF or 55 ng/ml InlB, respectively. Dorsal 
ruffles as response to growth factor treatment are indicated with arrows. Bar, 50 µm. 
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The formation of dorsal ruffles is often used as readout for successful induction of 
signal transduction to actin reorganization by a given growth factor, as it is sensitive 
and easily detectable upon phalloidin staining of the actin cytoskeleton. Interestingly, 
cortactin KO cells showed a severe reduction in PDGF-stimulated dorsal ruffling, which 
indicated that loss of cortactin interfered with the PDGF signaling pathway (Lai et al., 
2009). Thus, it was thinkable that the abrogated InlB-mediated infection of Listeria was 
due to defective c-Met signaling. Prior to the stimulation, cells were seeded onto glass 
coverslips coated with fibronectin, starved overnight and treated for 7.5 min with either 
DMEM, or DMEM supplemented with HGF or InlB. The same concentrations of HGF 
and InlB (20 ng/ml and 55 ng/ml, respectively) were used, which were optimal for other 
mouse MEF cells (Bosse et al., 2007). After fixation and staining with fluorescently-
labeled phalloidin, cells were quantified regarding their ability to form dorsal ruffles. 
Representative immunofluorescence stainings with and without stimulation are shown 
in Figure 3-8. Both control and cortactin KO cells did not form dorsal ruffles after 
treatment with DMEM alone (Figure 3-9). This is due to the fact that the minimal 
medium did not contain any growth factors, which could induce actin rearrangements. 
Upon HGF stimulation, 17% of control cells displayed dorsal ruffles and only 8% could 
be stimulated with InlB. In cortactin KO cells, 23% of cells formed dorsal ruffles upon 
HGF stimulation, and the dorsal ruffle formation upon InlB treatment was even slightly 
enhanced with about 18% of KO cells displaying dorsal ruffles. These data strongly 
suggest that cortactin deficiency does not lead to a general defect in c-Met signaling.  
 
Figure 3-9: Quantification of cells forming dorsal ruffles in response to growth factor 
treatment. 
Images as from Figure 3-8 were employed to quantify cells with dorsal ruffles (+) or with 
ambiguous phenotype (amb.) upon the indicated treatments. For each cell type and treatment, 
at least 100 cells were analyzed. Data are means and standard errors of means (error bars). 
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3.1.5 Mating statistics of cortactin and HS1/cortactin KO mice 
In order to analyze cortactin deficiency in a higher organism, a conditional genetic KO 
of cortactin was generated in mice (21.1) by Frank Lai. Transgenic mice with targeted 
cortactin alleles were in the first approach crossed with mice expressing Cre 
recombinase to obtain mice carrying the deleted Neo allele (see Figure 3-1). In the 
second approach, mice with the targeted allele were first crossed with mice expressing 
Flpe recombinase to obtain the floxed allele. In a further round of mating the latter mice 
were crossed with Cre deleter mice, which generated mice carrying the deleted KO 
allele (Figure 3-1). All cortactin KO mouse lines were viable and fertile and did not 
display an obvious phenotype. Nevertheless, statistics concerning the genotypes and 
sexes of cortactin KO mice revealed some abnormalities. Matings of heterozygous 
animals carrying a WT and a deleted Neo allele displayed a small bias towards male 
offspring and the overall number of WT mice was increased as compared to the 
theoretical, expected number (Figure 3-10). In particular, the number of male KO mice 
was much lower than calculated. In contrast, heterozygous matings between mice 
harboring a WT and a deleted allele showed a drastic shift in direction of female 
offspring (Figure 3-11). From 307 mice, only 131 were male, which represented 43% 
instead of 50% of all mice born. Additionally, considerably more mice were born with 
heterozygous genotype, whereas both WT and KO mice were slightly 
underrepresented. Strikingly, there were much more females and much less males with 
heterozygous genotype than calculated. A Χ2 test demonstrated that the probability for 
the latter deviation being due to chance was very low (see Table 9-1 and Table 9-2 in 
the Appendix). 
 
Figure 3-10: Distribution of genotypes and sexes of heterozygous crossings with mice 
carrying a WT and a cortactin deleted Neo allele. 
Calculated and observed sexes and genotypes of 146 offspring derived from heterozygous 
crossings. (For exact numbers, see appendix.) 
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Figure 3-11: Distribution of genotypes and sexes of heterozygous crossings with mice 
carrying a WT and a deleted cortactin allele. 
Calculated and observed sexes and genotypes of 307 offspring of heterozygous crossings. (For 
exact numbers, see appendix.) 
Additionally, cortactin mice carrying the deleted Neo allele were crossed with HS1del/del 
mice in order to obtain animals deficient for both cortactin and HS1. Also these double-
knockout mice were both viable and fertile and did not show apparent phenotypes. 
Crossings of HS1del/delCttnwt/del mice revealed no significant deviations from Mendelian 
ratios and expected distribution of sexes, only slightly more female mice were born 
than male (Figure 3-12 and Table 9-3). 
 
Figure 3-12: Distribution of genotypes and sexes of crossings with mice homozygous for 
HS1 deletion and heterozygous for the cortactin deleted Neo allele. 
Calculated and observed sexes and genotypes of 174 offspring of crossings of HS1del/delCttnwt/del 
mice. (For exact numbers, see appendix.) 
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3.1.6 Analysis of cortactin- and HS1/cortactin-deficient primary 
macrophages 
In several cell types like osteoclasts, smooth muscle cells and macrophages, a special 
actin-rich structure is assembled. When cells are plated on rigid surfaces like glass 
coverslips, so-called podosomes are formed on the ventral side of the cell that undergo 
rapid turnover. These structures support the adherence of cells on a substratum, but at 
the same time they allow fast migration, as the lifetime of podosomes is very short 
compared e.g. to focal contacts (see 1.1.5). The core of podosomes is built by a dense 
network of actin filaments, which is surrounded by a characteristic ring of proteins that 
are also part of the protein composition of focal contacts, such as vinculin, talin and 
zyxin. At variance to focal contacts, the Arp2/3 complex localizes to the actin rich core 
of podosomes. For this reason it is assumed that the Arp2/3 complex polymerizes the 
F-actin core. Support for this theory is given by the fact that also Arp2/3 activators like 
the class I NPF WASP and the class II NPF cortactin are present at the core of 
podosomes. Studies with WASP-deficient primary macrophages from transgenic mice 
revealed an essential role for this NPF in the formation of podosomes (Linder et al., 
1999). Although cells were still able to adhere, no podosomes could be formed in the 
absence of WASP. In addition, RNAi studies indicated that cortactin is a major player in 
podosome formation, at least in osteoclasts and smooth muscle cells (Tehrani et al., 
2006a; Webb, Eves, and Mak, 2006). Therefore, it was intriguing to ask, whether 
macrophages from cortactin-deficient mice or from mice lacking both cortactin and 
HS1, the hematopoietic homolog of cortactin, still displayed podosomes and if so, 
whether they were normal regarding their shape, protein composition and frequency of 
occurrence. 
For these experiments, primary macrophages from control and cortactin KO mouse 
littermates from heterozygous crossings of mice carrying the deleted cortactin allele 
were isolated from the peritoneum, seeded on coverslips coated with fibronectin and 
stained for F-actin, vinculin and cortactin. In control cells, podosomes were visible as 
actin-rich dots surrounded by a ring composed of vinculin, and the actin cores co-
localized with cortactin (Figure 3-13), as expected. Podosomes could also be seen in 
macrophages from cortactin KO mice, in spite of the complete loss of cortactin staining 
(Figure 3-13). When comparing the podosomes of macrophages with and without 
cortactin, no apparent differences were discernable regarding size and morphology in 
the conditions used here. 
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Figure 3-13: Organization of the actin cytoskeleton, and localization of vinculin and 
cortactin in control and cortactin KO macrophages. 
Immunofluorescence stainings of peritoneal macrophages harvested from WT or cortactin KO 
littermates derived from heterozygous crossings of mice with the deleted cortactin allele. Both 
macrophage populations displayed podosomes, F-actin-rich dot-like structures (red in merge) 
characteristically surrounded by a ring of focal adhesion proteins like vinculin (green in merge). 
In WT macrophages cortactin (green in merge) co-localized with the F-actin-rich core of 
podosomes, whereas no cortactin staining is visible in cortactin KO macrophages. Boxed 
regions in merges are displayed as insets in higher magnification. Bar, 10 µm. 
However, it was not clear whether the number of cells displaying podosomes was 
reduced in cortactin KO macrophages. To test this, macrophages from WT and KO 
mice were co-stained with phalloidin and vinculin and the number of cells displaying 
podosomes determined. Again, no significant difference in the number of cells with 
podosomes was discernible between cells with and without cortactin (Figure 3-14). In 
conclusion, cortactin is dispensable for podosome formation in peritoneal 
macrophages. Nevertheless, preliminary results from a collaboration with Christiane 
Wiesner and Stefan Linder (UKE Hamburg) revealed that although the podosome 
formation upon cortactin depletion was normal, gelatin degradation was drastically 
reduced in macrophages from cortactin KO mice (unpublished data). Matrix 
degradation assays have to be repeated to confirm this phenotype. 
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Figure 3-14: Quantification of frequency of WT and cortactin KO macrophages displaying 
podosomes.  
Peritoneal macrophages from WT and cortactin KO mice were stained for F-actin with 
fluorescently-labeled phalloidin and vinculin. Cells were categorized into cells with podosomes 
(“Podosomes”), without podosomes (“no Podosomes”) or with an ambiguous morphology 
(“amb.”). At least 100 cells were counted for each condition and the experiment was performed 
in triplicate. Error bars correspond to standard errors of means. 
To check the expression levels of HS1 in macrophages, western blot analysis with 
extracts from control and cortactin KO macrophages was performed (Figure 3-15). An 
extract of B16-F1 cells transiently expressing HS1-EGFP served as control that the 
antibody recognizes HS1. In the extract from fibroblast cells no HS1 band was 
detectable, because HS1 is only expressed in cells of the hematopoietic lineage.  
 
Figure 3-15: HS1 is expressed in cortactin WT and KO macrophages. 
Western blot analysis of extracts from B16-F1 cells transfected with HS1-EGFP, macrophages 
from cortactin control (WT) and cortactin-depleted (KO) mice, Raw cells and fibroblasts with an 
anti-HS1 antibody (upper panel). The same blot was reprobed with an anti-tubulin antibody as 
loading control (lower panel). Numbers correspond to protein size in kDa. 
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In cortactin WT and KO macrophages as well as in the macrophage cell line Raw the 
antibody recognized one or two HS1 bands demonstrating that these cells express 
HS1. In analogy to cortactin (Huang et al., 1997), the two bands might correspond to 
different phosphorylation states of HS1. The HS1 band in cortactin KO macrophages is 
stronger compared to cortactin WT macrophages, but the protein concentration of the 
samples was not measured due to the low number of isolated cells, and the anti-α-
tubulin blot indicates that more extract from KO macrophages was loaded (Figure 
3-15). Thus, HS1 does not seem to be upregulated in cortactin-deficient macrophages 
in order to compensate the loss of cortactin. 
In analogy to the experiments with cortactin-deficient macrophages, cells isolated from 
mice lacking both cortactin and its hematopoietic form, HS1, were examined in 
fluorescence stainings regarding the existence of podosomes. As shown in Figure 
3-16, cells lacking both cortactin and HS1 were also able to form podosomes with an 
actin rich core and a surrounding vinculin ring. 
 
Figure 3-16: HS1/Cttn double KO macrophages are able to form podosomes on 
fibronectin. 
Epifluorescence images of peritoneal macrophages from HS1del/delCortactinWT/del and 
HS1del/delCortactindel/del mice stained for F-actin with phalloidin and with an anti-vinculin antibody. 
The macrophages can form podosomes consisting of an F-actin core (red in merged insets) and 
a ring structure rich in vinculin (green in merged insets), as expected. Boxed regions are shown 
as merged inset in the right images. Bar, 10 µm.  
The quantification of double KO macrophages displaying podosomes (Figure 3-17) 
revealed that about 85% of cells formed podosomes, irrespective of their genotype. So 
again no decrease in podosome formation frequency could be observed in double KO 
macrophages demonstrating that also the combined loss of cortactin and HS1 does not 
hinder cells to form podosomes.  
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Figure 3-17: Depletion of both HS1 and cortactin does not alter the frequency of 
macrophages forming podosomes. 
Macrophages from HS1del/delCttnWT/del and HS1del/delCttndel/del mice were stained for F-actin. Cells 
were classified as with podosomes (“Podosomes”), without podosomes (“no Podosomes”) or 
with ambiguous phenotype (amb.). The data summarizes one experiment, in which at least 100 
cells were analyzed. 
3.2 Establishment of an in vivo actin nucleation assay 
In the literature mainly in vitro assays are used in order to characterize a protein 
concerning its impact on actin nucleation. Cortactin only weakly activated the Arp2/3 
complex in an in vitro actin polymerization assay (Uruno et al., 2001; Weaver et al., 
2001), so the question occurred, if such a weak promotion of actin nucleation was in 
fact relevant in the cell. Literature searches reveal previous approaches to study NPFs 
in vivo. For example, actin polymerization was directed to organelles, such as 
mitochondria (Kessels and Qualmann, 2002; Pistor et al., 1994) or late endosomes in 
Dictyostelium (Schmauch et al., 2009). However, endosomes have an actin shell on 
their own, so it was difficult to distinguish between the contribution of endogenous and 
ectopic factors to actin assembly. Mitochondria, on the other hand, are highly dynamic 
structures and change their shape and size within seconds, so e.g. turnover 
experiments using live cell imaging was impossible on mitochondria. 
Nevertheless, targeting the actin polymerization machinery to an ectopic place in the 
cell seemed to be a promising approach for an in vivo actin nucleation assay. Instead 
of mitochondria or endosomes, a cellular structure was needed that was relatively 
stable and also devoid of endogenous actin, such as microtubules. As a matter of fact, 
the plus tips of microtubules undergo rapid growth and shrinking as well as 
catastrophes, but the rest of the network, especially the minus ends, are stable and can 
be imaged for a long period of time.  
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3.2.1 Actin polymerization can be induced on microtubules by the VVCA-
domain of N-WASP 
The first construct that was tested, was obtained from Stefan Köstler from the 
laboratory of Vic Small, Vienna. In this construct (see Figure 3-18) the microtubule 
binding domain (MBD) of MAP4, a protein stabilizing and bundling microtubules, was 
cloned directly after the EGFP-tag of EGFP-VVCA (Lommel et al., 2004).  
 
Figure 3-18: Domain structure of MBD-constructs. 
MBD-constructs harbored an N-terminal fluorescent tag, in most cases EGFP, followed by the 
microtubule binding domain of MAP4 comprises a proline-rich domain (PPPP) and four A-
domains (A4), and a tail region required as linker between the MBD and the nucleator or NPF. 
At the C-terminus the protein of interest, exemplified here by VVCA, was located. The scale 
below the domain structure indicates the length of the domains in amino acids (aa). 
The MBD consisted of a proline-rich domain and four so-called A-domains, both 
contributing to microtubule binding activity, followed by a tail region, which separated 
the MBD from the nucleator or NPF located at the C-terminus of the construct. The 
VVCA fragment is located at the C-terminus of N-WASP, and is a potent Arp2/3 
complex activator (see 1.1.6.2), so the construct was well-suited to test the properties 
of ectopic actin nucleation on microtubules. In cells transfected with MBD-VVCA, the 
construct labeled the microtubule network proving that the affinity of MBD was high 
enough to target the construct to microtubules (Figure 3-19C). Fluorescently-labeled 
phalloidin bound strongly to structures co-localizing with MBD-VVCA (Figure 3-19A), 
which evidenced that the MBD-VVCA construct was able to induce the polymerization 
of actin filaments on microtubules. When a tagged subunit of the Arp2/3 complex, 
mCherry-p16B, was co-transfected with MBD-VVCA, it localized to microtubules as 
well (Figure 3-19B and Supplementary Video 1). This demonstrated that the Arp2/3 
complex was recruited to microtubules through MBD-VVCA, and indicated that it was 
activated to effect actin filaments.  
B16-F1 cells seeded on laminin frequently form lamellipodia, as laminin stimulates the 
activation of Rho-GTPases such as Rac and promotes actin reorganization leading to 
lamellipodia formation (Fujiwara, Gu, and Sekiguchi, 2004; Weston et al., 2007). In 
cells transfected with MBD-VVCA, only very rarely lamellipodia could be observed. 
Instead, most cells were not able to migrate and displayed a square shape (Figure 3-19 
and Figure 3-23). The reason for the altered morphology was most likely due to the fact 
that MBD-VVCA sequestered the Arp2/3 complex by recruiting it to microtubules. As a 
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consequence, the cytoplasm lacked sufficient amounts of Arp2/3 complex molecules to 
be activated at the cell periphery, which is presumably required for the nucleation of 
actin filaments to build lamellipodia.  
A 
B 
C 
 
Figure 3-19:  MBD-VVCA induces actin accumulation on microtubules by recruiting the 
Arp2/3 complex. 
(A) Phalloidin staining of a B16-F1 cell transfected with MBD-VVCA showing co-localization of 
F-actin with the MBD-VVCA construct. Arrows point to individual microtubules strongly labeled 
with phalloidin. (B) Representative frame from a time-lapse movie of a cell co-transfected with 
MBD-VVCA and mCherry-p16B, the smallest subunit of the Arp2/3 complex. Arrows and 
merged image indicate co-localization of MBD-VVCA and p16B. (C) B16-F1 cell co-expressing 
EGFP-MBD-VVCA and EBFP-actin was fixed and the microtubule network was labeled using 
anti-α-tubulin antibodies. Arrows point to strong co-localizations of all three structures. Boxed 
insets are shown as merge on the right. Bars, 10 µm.  
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3.2.2 MBD alone as well as F-actin binding proteins cannot recruit actin 
to microtubules 
An important control experiment was done by expressing an EGFP-MBD-construct 
lacking actin nucleators or nucleation promoting factors to exclude that actin or Arp2/3 
complex recruitment could be already induced by the tagged MBD-domain alone. The 
MBD-construct accurately labeled the microtubule network, but neither actin nor p16B 
co-localized with the MBD-construct (Figure 3-20, Supplementary Videos 2 and 3). This 
demonstrated that the MBD was inert regarding actin nucleation and did not by itself 
mediate targeting of actin or the Arp2/3 complex to microtubules. 
A 
B 
 
Figure 3-20: MBD does not recruit actin or the Arp2/3 complex to microtubules. 
Epifluorescence images of cells transfected with EGFP-MBD and (A) mCherry-actin or (B) 
mCherry-p16B, respectively. EGFP-MBD localized strongly to microtubules, but neither actin 
nor Arp2/3 complex was discernable that co-localized with the MBD-construct on microtubules. 
Bar, 5 µm. 
It could already be shown that microtubule targeting of an Arp2/3 activator led to actin 
filament accumulation on microtubules indicating that Arp2/3-mediated nucleation was 
the major mechanism of actin filament assembly. However, as another possibility, the 
recruitment of actin filaments rather than initiation of nucleation would also explain the 
actin accumulation on microtubules. To test this, the MBD was fused to fascin, an actin 
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bundling protein found in filopodia and microspikes (Jayo and Parsons, 2010), and the 
actin binding domain of α-actinin. Both constructs showed a dual localization when they 
were expressed in B16-F1 cells. The MBD directed both constructs to the microtubule 
network. Additionally, fascin coupled to MBD still bound to its natural localization site, 
microspikes embedded in the lamellipodium, and MBD-ABD labeled F-actin-rich 
structures like small ruffles and microspikes. Co-expression with mCherry-actin proved 
that although MBD-fascin and MBD-ABD were still able to bind filamentous actin, e.g. 
in microspikes no actin accumulation was apparent on microtubules (Figure 3-21). In 
conclusion, actin accumulation on microtubules could only be induced by nucleation 
and not by recruitment of actin filaments. 
A 
B 
 
Figure 3-21:  Actin binding domains do not induce actin accumulation on microtubules. 
Epifluorescence images of B16-F1 cells expressing mCherry-actin and (A) MBD-fascin or (B) 
MBD-ABD (ABD: actin binding domain of α-actinin), respectively. Both constructs co-localize 
with microspikes in the lamellipodium (arrowheads). The arrow points to a former microspike 
that became integrated into the lamella as observed by live cell imaging. Merged images are 
magnifications of the boxed areas in the first two panels and show that no co-localization of 
microtubules with the actin cytoskeleton was detectable. Bar, 5 µm. 
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3.2.3 Analysis of the ultrastructure of actin induced by MBD-VVCA on 
microtubules 
In order to visualize the ultrastructure of the actin accumulation on microtubules 
induced by MBD-VVCA, correlated light and electron tomography was performed by M. 
Vinzenz, M. Nemethova, S. Jacob and J.V. Small in Vienna. This technique allows first 
the detection of transfected, fluorescently-labeled proteins in a cell using 
epifluorescence microscopy, and after fixation the same cell is subjected to negative 
stain electron microscopy. A B16-F1 cell was transfected with MBD-VVCA and 
mCherry-actin and the co-localization of both proteins on microtubules was verified in 
the light microscope (Figure 3-22A, B). The cell was subsequently subjected to 
negative stain electron tomography. A composite image assembled from 30 slices 
confirmed the earlier findings with phalloidin stainings that the actin accumulations on 
microtubules induced by MBD-VVCA consisted of polymerized actin filaments. Over 
the complete length of a microtubule, short actin filaments were visible, which 
surrounded the microtubule (Figure 3-22D, arrowheads) in an unorganized fashion. For 
most actin filaments it was difficult to track, if they were directly associated with the 
microtubule, but single filaments polymerizing directly from the microtubule surface 
could be identified (Figure 3-22D, arrow), proving that actin filaments can in principle 
be nucleated on the microtubule surface. As control, an untransfected cell was 
subjected to electron tomography, in which microtubules were discernable as large 
tubular structures (Figure 3-22E). Actin filaments were loosely distributed in the section 
of the cell and randomly crossed or overlapped with microtubules but there was no 
clear correlation of actin filament and microtubule accumulation comparable to MBD-
VVCA expressors. 
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 A B C
D E
 
Figure 3-22: Actin filaments induced by MBD-VVCA form an unorganized cloud around 
microtubules. 
(A-D) Correlated light microscopy and electron tomography. (A, B) Epifluorescence images of a 
B16-F1 cell transiently expressing MBD-VVCA (A) and mCherry-actin (B), respectively. Boxed 
regions are shown as merge in inset of (B) confirming co-localization of both constructs. Bar in 
(A) corresponds to 10 µm. (C) Electron micrograph of the merged inset shown in (B). (D) 
Composite image assembled from 30 slices (0.75 nm) of a tomogram of the region boxed in (C). 
Arrowheads mark a single microtubule, which is surrounded by various short actin filaments in 
an unorganized fashion. The arrow points to a filament directly attached to the microtubule. (E) 
Composite image assembled from 40 slices (0.75 nm) of a tomogram of an untransfected 
control cell displaying a microtubule, which is randomly crossed by actin filaments. Note that the 
density of actin filaments in (D) is significantly higher than in (E). Bar in (E) is valid for (D) and 
(E) and equals 100 nm. Electron microscopy was performed by M. Vinzenz, M. Nemethova, S. 
Jacob and J.V. Small in Vienna. 
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3.2.4 Dynamics of MBD-VVCA and actin 
In addition to phalloidin stainings, it was also possible to detect the MBD-VVCA-
induced actin accumulation on microtubules using fluorescent protein-tagged actin, 
which provided the possibility to analyze the dynamics of MBD-VVCA and actin on 
microtubules in living cells (Figure 3-23 and Supplementary Video). 
 
Figure 3-23: Actin nucleation induced by MBD-VVCA can be visualized with fluorescent 
protein-tagged actin 
Epifluorescence images of time-lapse movies of a cell transfected with MBD-VVCA and 
mCherry-actin. The merged image on the right proved that mCherry-actin co-localized with 
MBD-VVCA. Bar, 10 µm. 
Supplementary Video 4 served as source to detect growing and shrinking microtubules. 
Individual microtubules visualized with MBD-VVCA were tracked and analyzed 
regarding their co-localization with actin. An example for both a growing and a 
shrinking microtubule with associated actin is shown in Figure 3-24 and in 
Supplementary Videos 5 and 6. By comparing the corresponding frames from both 
fluorescence channels it became obvious that the actin filaments grew and shrank 
exactly at the speed of MBD-VVCA. This implied that actin filaments were nucleated 
instantaneously to accumulation of MBD-VVCA on the surface of microtubules, and 
they disassembled and depolymerized simultaneously with MBD-VVCA release from 
shrinking microtubules. So the existence of actin on microtubules is directly coupled to 
the presence of microtubules in these cells or more accurately, is dependent on MBD-
VVCA accumulation on microtubules, which is virtually complete in these conditions. 
One major advantage of targeting actin polymerization to microtubules was the stability 
of the majority of the microtubule network compared e.g. to organelles or endosomes. 
To define the turnover rate of MBD-VVCA and the associated actin filaments, FRAP 
experiments were carried out. 
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A 
B 
Figure 3-24: Actin filaments are instantly polymerized on growing and disassembled on 
shrinking microtubules. 
Image sequences were taken from a time lapse movie of a cell transfected with MBD-VVCA and 
mCherry-actin. In (A) the arrowheads point to a growing microtubule, in (B) they indicate a 
shrinking microtubule. Time is in seconds; bars equal 2 µm. 
Single microtubules of transfected B16-F1 cells were bleached with a 405 nm laser 
beam until the fluorescence was extinguished. The cell was further imaged for at least 
180 s to allow the substitution of bleached and fluorescent MBD-VVCA molecules, 
which resulted in recovery of fluorescence on the microtubule. As depicted in the 
frames of a representative FRAP movie (Figure 3-25A), the microtubule was 
completely bleached in the circular region. After several seconds the molecules that 
were bound to the microtubule exchanged, and fluorescence nearly recovered after 
approximately 30 s. This effect could be also displayed in a diagram, in which the 
average fluorescence intensity, subtracted from background and acquisition 
photobleaching, was plotted over time. The time at half-maximal fluorescence recovery 
(t1/2) is a measure of how fast molecules were exchanged. MBD-VVCA had a halftime 
of recovery of 7.7 s (Figure 3-25C), which was similar to the Arp2/3 complex activator 
WAVE in the lamellipodium (Lai et al., 2008). To determine the turnover of actin 
filaments polymerized on microtubules, mCherry-MBD-VVCA and EGFP-actin were co-
transfected. EGFP-constructs were preferred as bleaching compounds in FRAP 
experiments, because the EGFP-tag was brighter and more stable during prolonged 
acquisition of cells. As shown in Figure 3-25B, mCherry-MBD-VVCA induced actin 
accumulation on microtubules as strongly as EGFP-MBD-VVCA. In analogy to the 
turnover measurements of MBD-VVCA also EGFP-actin that co-localized with MBD-
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VVCA at microtubules (Figure 3-25B) was bleached and time-lapse movies were 
acquired. Calculation of the halftime of recovery (16 s) revealed that actin had a slower 
turnover rate (Figure 3-25D). So the turnover of MBD-VVCA is significantly higher than 
that of actin. One explanation for these differences could be that not every MBD-VVCA 
molecule binding to the microtubule necessarily succeeds in Arp2/3 complex activation 
and thus effecting actin assembly, which might lead to faster turnover rates observed 
for MBD-VVCA. 
A 
B 
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Figure 3-25: Turnover of MBD-VVCA and associated actin on microtubules. 
(A, B) Frames from representative time-lapse movies of cells transfected with (A) EGFP-MBD-
VVCA or (B) mCherry-MBD-VVCA and EGFP-actin, respectively. In (B) images are false-
colored for clarity. Circles indicate the bleached areas and the broken lines the bleached 
microtubule. Time is in seconds; bar, 2 µm. (C, D) Fluorescence recovery curves derived from 
FRAP experiments as in (A, B). In (C) the fluorescence recovery of MBD-VVCA is plotted, in (D) 
the recovery curve of actin is depicted. t1/2 values indicate the halftime of recovery and n 
corresponds to the number of movies analyzed. 
3.2.5 Cortactin is not able to activate the Arp2/3 complex in vivo 
The experiments with MBD-VVCA (see above) demonstrated that Arp2/3 complex 
activation via an NPF worked robustly in the MBD-assay. Next, the class II NPF 
cortactin was coupled to MBD instead of N-WASP-VVCA and thereby targeted to 
microtubules. The MBD-cortactin construct (MBD-Cttn) showed a dual specificity when 
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transfected into cells (Figure 3-26A and Supplementary Video 7). The MBD targeted 
the construct efficiently to microtubules, but it also localized to lamellipodia and 
microspikes mediated by cortactin. This fact already implied that the cortactin construct 
was functional and neither the EGFP-tag nor MBD affected protein function. However, 
in movies of cells expressing MBD-cortactin and actin, no overlap of both structures 
could be observed.  
 
A 
B 
Figure 3-26:  MBD-cortactin does not recruit or activate the Arp2/3 complex on 
microtubules. 
Individual frames from representative movies of cells transfected with mCherry-actin or 
mCherry-p16B and (A) MBD-cortactin or (B) MBD-Cttn 1-84. Insets are shown as magnified 
merges in the right panel. Arrowheads point to microspikes co-localizing with cortactin. Bar, 
10 µm. 
Even more surprising, MBD-cortactin did not recruit the Arp2/3 complex to microtubules 
when it was co-transfected with mCherry-p16B (Figure 3-26A, Supplementary Video 8) 
in contrast to MBD-VVCA. To exclude the possibility that cortactin was not active on 
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microtubules due to missing regulatory factors, a second MBD-construct was cloned 
comprising only the NTA (aa 1-84), which is postulated to harbor the domain that binds 
to the Arp2/3 complex (Weaver et al., 2002; Weaver et al., 2001; Weed et al., 2000). 
However, again also this construct neither induced actin accumulation nor was able to 
recruit the Arp2/3 complex to microtubules (Figure 3-26B, Supplementary Videos 9 and 
10). In conclusion with the experiments in the MBD-assay, cortactin did not show 
properties of an Arp2/3 complex activator in vivo, which together with the data derived 
from the genetic KO of cortactin (Lai et al., 2009 and chapter 23.1-3.1.4) strongly 
suggests that cortactin does not serve as an NPF in living cells. 
3.2.6 Localization studies of cortactin constructs 
As cortactin did not show any recruitment of the Arp2/3 complex to microtubules in the 
MBD-assay, localization studies with different cortactin constructs were employed to 
learn more about the domains that target cortactin to Arp2/3-rich structures such as 
lamellipodia or ruffles. Results from these studies could provide valuable information 
about domains mediating correct localization of cortactin and help to understand the 
function of cortactin in vivo. 
For the localization studies of cortactin, three constructs were available. The first 
construct tested encoded EGFP-cortactin full-length. In agreement with previous 
studies (Weed et al., 2000), this construct localized to the lamellipodium and to ruffles 
on the ventral side of the cell (Figure 3-27 and Supplementary Video 11). Interestingly, 
cortactin full-length could be found in microspikes, which are embedded into the 
lamellipodium. A second construct consisted of the N-terminal acidic domain and the 
first 1.5 F-actin binding repeats (Cttn 1-146). This construct localized to the 
lamellipodium and to membrane ruffles similar to the full-length construct, but was not 
found in microspikes (Figure 3-27 and Supplementary Video 12), indicating that the 
domain that directs cortactin to microspikes had to be C-terminal of the cortactin 1-146 
construct. The localization of cortactin 1-146 to the lamellipodium is in contradiction to 
published data from Weed et al. (Weed et al., 2000). The authors performed deletion 
studies of cortactin and concluded that the F-actin repeats no. 4 were essential for 
localization of cortactin to the cell periphery. Nevertheless, they did not test a 1-146 aa 
construct and used a different cell type in their study.  
As outlined in chapter 1.1.6.3, cortactin binds to the Arp2/3 complex via the NTA and to 
F-actin with 6.5 F-actin binding repeats. To investigate whether Arp2/3-binding 
mediated the localization of cortactin to the cell periphery, a construct only comprising 
the Arp2/3 binding surface (cortactin 1-84) was transfected into B16-F1 cells. As 
displayed in Figure 3-27 and Supplementary Video 13, this construct was entirely 
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cytosolic and did neither localize to the lamellipodium nor to ruffles. This data indicate 
that the Arp2/3-binding domain of cortactin is not sufficient to mediate the localization 
of the protein to the cell periphery. The fact that full-length cortactin also accumulated 
in microspikes (white arrow in Figure 3-27), which are largely devoid of Arp2/3 complex 
(Svitkina and Borisy, 1999) adds to evidence indicating interactions with factors other 
than Arp2/3 to contribute to subcellular cortactin positioning. Thus, cortactin localization 
is not solely and perhaps not directly dictated by the presence of Arp2/3 complex, and 
whether its association with microspikes is exclusively determined by interactions with 
actin filaments remains to be established.  
 
Figure 3-27: Localization of cortactin full length and truncated cortactin constructs. 
Epifluorescence images of B16-F1 cells transfected with mCherry-actin and either EGFP-
cortactin full-length, cortactin-1-146 or cortactin 1-84, as indicated. Arrowheads mark 
lamellipodia, the white arrow points to a microspike co-localizing with cortactin full-length, and 
the black arrows indicates ruffles or vesicles at the ventral side of the cells. Bar, 10 µm. 
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3.2.7 The nucleators Drf3ΔDAD and Spir-NT induce actin polymerization 
on microtubules when fused to MBD 
Apart from the Arp2/3 complex, cells have developed other mechanisms for the 
nucleation of actin filaments. Formins stabilizes actin dimers and trimers with their FH2 
domains and thereby trigger actin nucleation, whereas tandem G-actin-binding proteins 
bind three or four actin monomers and thereby generate actin nuclei that can 
spontaneously polymerize into filaments. These latter nucleators include leiomodin and 
Cobl with three and Spir with four actin binding domains (see 1.1.7 and 1.1.8 for 
details). Both the constitutively active formin Drf3ΔDAD and the N-terminal domain of 
Spir comprising the four WH2-domains and the KIND-domain were cloned into MBD-
vectors and expressed in B16-F1 cells. As displayed in Figure 3-28A and B, MBD-
Drf3ΔDAD and MBD-Spir-NT nucleated actin filament assemblies on microtubules. 
MBD-Spir-NT was a strong nucleator, comparable to MBD-VVCA, since virtually all 
transfected cells displayed a robust phalloidin staining on microtubules (not shown).  
It was shown in in vitro assays that the last two WH2-domains of Spir (Spir-CD), which 
are connected with a so-called monomer binding linker (MBL), were sufficient for 
efficient actin nucleation (Zuchero et al., 2009). To test if these findings are also valid in 
vivo, an MBD-Spir-CD construct was cloned and transfected into B16-F1 cells. Indeed, 
MBD-Spir-CD induced actin accumulation on microtubules comparably strong to Spir-
NT demonstrating that also in the living cell the last two WH2-domains of Spir are able 
to nucleate actin filaments (Figure 3-28C). In contrast, MBD-Drf3ΔDAD showed weak, 
yet clearly detectable actin nucleation efficiency, although in vivo studies identified the 
formin to be a potent nucleator (Block et al., 2008). An explanation for this discrepancy 
could be that in the MBD-assay, Drf3ΔDAD is potentially kept tightly bound to the 
microtubule surface, counteracting the processivity of the formin when driving actin 
filament elongation after nucleation. This activity of the formin would not be constrained 
in a comparable way in filopodia tips, where Drf3 usually drives actin polymerization. 
Notwithstanding this live cell imaging with cells that co-expressed mCherry-actin 
unambiguously demonstrated that MBD-Drf3ΔDAD and MBD-Spir-NT induced actin 
accumulation on microtubules (Supplementary Videos 14 and 15). To probe if the actin 
nucleation of Drf3ΔDAD and Spir-NT occurs independently of Arp2/3 complex, cells 
were transfected with the respective nucleator fused to MBD, and stained with an anti-
p16A antibody. 
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A 
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Figure 3-28: MBD-Drf3ΔDAD, MBD-Spir-NT and MBD-Spir-CD nucleate actin on 
microtubules. 
Phalloidin stainings of cells transfected with (A) MBD-Drf3ΔDAD, (B) MBD-Spir-NT or (C) MBD-
Spir-CD (CD: the last two WH2-domains of Spir including the MBL sequence), respectively. 
Arrows and merged images on the right indicate co-localization of F-actin and MBD-constructs. 
Bar, 5 µm.  
As displayed in Figure 3-29, the Arp2/3 complex subunit p16A localized to the 
lamellipodium and dot-like structures in the lamella in an untransfected cell, but was 
completely absent from the microtubule-bound nucleators, which strongly indicated that 
the actin structures induced by both nucleators were assembled independently of the 
Arp2/3 complex. 
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A 
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Figure 3-29:  Drf3ΔDAD and Spir-NT nucleate actin independently of the Arp2/3 complex. 
Epifluorescence images of an untransfected cell (A) and cells expressing MBD-Drf3ΔDAD (B) or 
MBD-Spir-NT (C), respectively, which were stained with an anti-p16A-antibody. The antibody 
labels the lamellipodium in the untransfected cell (A) and does not co-localize with the indicated 
MBD-constructs. Bar, 5 µm. 
3.2.8 Actin nucleation by clustering of actin monomers 
A shown in chapter 3.1.8, proteins or protein domains associating with actin filaments 
did not induce actin accumulation on microtubules. However, another MBD-construct 
with actin filament binding capacity was cloned comprising Lifeact, a peptide of 17 aa 
encoding the actin binding domain of Abp140, which is expressed in S. cerevisiae 
(Riedl et al., 2008). In biochemical assays, Lifeact binds both actin filaments and actin 
monomers, although the latter with 30-fold less affinity. The actin binding domain is 
conserved among close relatives of S. cerevisiae but absent from other organisms 
(Riedl et al., 2008). Nevertheless, structural features of Lifeact resemble those of 
thymosin β4, a protein known to sequester G-actin and closely related to WH2-domains 
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(Carlier et al., 2007). Initially thought as a negative control to exclude that actin filament 
binding is sufficient to induce actin assembly on microtubules in case of fascin and the 
ABD of α-actinin, expression of MBD-Lifeact in B16-F1 cells led to actin filament 
accumulation on microtubules (Figure 3-30). This was verified both by phalloidin 
stainings (Figure 3-30) and live cell imaging of cells co-expressing mCherry-actin (not 
shown). As Lifeact has the ability to bind both actin filaments and actin monomers, it 
was impossible to determine, which of the actin binding properties of Lifeact triggered 
actin assembly on microtubules. However, previous experiments with F-actin binding 
proteins indicated, that filament recruitment is not sufficient to target actin accumulation 
to microtubules. Another explanation for Lifeact-induced actin assemblies was that 
MBD-Lifeact nucleated actin by recruiting actin monomers to the microtubule surface 
and thereby enhanced the local actin concentration, which allowed actin nucleus 
formation. To test if clustering of actin monomers on microtubules could in principle 
lead to actin polymerization, actin was fused to MBD thereby directly targeting actin to 
microtubules. Indeed, MBD-actin also induced actin assembly on microtubules (Figure 
3-30), providing evidence that high concentration of actin can induce actin nucleation, 
suggesting that also Lifeact could nucleate actin filaments via monomer clustering.  
 
Figure 3-30: Actin polymerization can be induced by monomer clustering. 
Phalloidin stainings of cells transfected with MBD-Lifeact (upper panel) or MBD-actin (lower 
panel). Arrows and merges show co-localization of both MBD-constructs with F-actin. Bar, 
5 µm. 
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The possibility that actin monomer clustering by actin binding domains could nucleate 
actin filaments raised the question, whether actin polymerization on microtubules 
induced by MBD-VVCA as in Figure 3-19 was truly Arp2/3 complex-dependent or 
whether the two isolated WH2-domains of N-WASP that were shown to bind actin 
monomers in vitro (Chereau et al., 2005) nucleated actin on their own. When the two 
N-WASP WH2-domains (VV) fused to MBD were expressed in cells, no Arp2/3 
complex recruitment occurred, as expected, as no Arp2/3-binding domain was present 
in the truncated N-WASP construct (Figure 3-31 and Supplementary Video 16).  
 
Figure 3-31:  The two WH2-domains of N-WASP are unable to nucleate actin on 
microtubules. 
Frames from time-lapse movies of cells transfected with MBD-VV (VV: the two WH2 domains of 
murine N-WASP) and actin (upper panel) or p16B (lower panel), respectively. The inset is 
shown in large on the right side. Bar, 10 µm. 
Co-expression with mCherry-actin revealed that also no actin assemblies were visible 
on microtubules (Figure 3-31 and Supplementary Video 17), proving that MBD-VV was 
not able to nucleate actin, thus MBD-VVCA-induced actin polymerization seemed to be 
indeed dependent on Arp2/3 complex activation. On the other hand, actin monomer 
binding alone does not seem to be sufficient to induce actin polymerization on 
microtubules. Probably, a specific arrangement of actin binding domains is necessary 
to efficiently nucleate actin by monomer clustering. In comparison with the two WH2-
domains that consist of 68 aa, Lifeact with its 17 aa presumably has the flexibility to 
bring three actin monomers in close contact leading to actin nuclei. The same effect 
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could be simulated by directly coupling actin to MBD, the only difference being the 
absence of the actin binding peptide Lifeact. 
3.2.9 Minimal requirements of N-WASP-induced actin polymerization  
For the examination of N-WASP-dependent actin nucleation, most commonly the 
VVCA-fragment is used as in this thesis, because it harbors both the WH2-domains 
thought to deliver actin monomers to the Arp2/3 complex, and the C- and A-domain, 
which bind to and activate the Arp2/3 complex. The A-domain contains a conserved 
tryptophan residue, which is considered to be essential for NPF function of N-WASP 
and WAVE and also in the case of cortactin (see 1.1.6.1). However, a recent study 
showed that although a higher concentration of Arp2/3 complex was needed, the VVC 
domain immobilized on artificial vesicles was able to induce actin polymerization and 
promoted vesicle movement indicating that the A-domain of N-WASP is not essential 
for reconstituted actin-based motility (Delatour et al., 2008). Still, VVC-induced actin 
filament arrays were two-fold less dense than those induced by N-WASP. The 
relevance of the A-domain in vivo remained unclear, so an MBD-VVC construct was 
generated lacking the A-domain. Figure 3-32A shows robust phalloidin staining on 
microtubules, demonstrating that actin filaments were still polymerized, even in the 
absence of the A-domain.  
 
A 
B 
Figure 3-32: The N-WASP A-domain is dispensable for Arp2/3 activation. 
(A) Phalloidin staining of a cell transfected with MBD-VVC. Arrows indicate co-localization of the 
MBD-construct and F-actin. (B) Individual frame from a time-lapse movie of a cell expressing 
MBD-VVC and p16B showing partial co-localization of both proteins (arrows). Merged images 
with MBD-VVC in green and the respective mCherry-construct in red are shown in the right 
panel. Bar, 10 µm. 
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When MBD-VVC was co-transfected with mCherry-p16B, a recruitment of the latter 
was observable, although the efficiency was strongly reduced compared to Arp2/3 
complex recruitment by MBD-VVCA (Figure 3-32B). The differences in Arp2/3 complex 
recruitment and actin nucleation of MBD-VVCA as compared to MBD-VVC and MBD-
VV were quantified by live cell imaging. Cells were transfected with the respective 
MBD-construct and either mCherry-actin or mCherry-p16B, and using epifluorescence 
microscopy the number of cells displaying co-localization of the constructs on 
microtubules was determined (Figure 3-33). 
 
Figure 3-33: Quantification of actin assembly on and Arp2/3 recruitment to microtubules 
in cells expressing MBD-VVCA, MBD-VVC and MBD-VV. 
Cells were transfected with the respective MBD-construct and either mCherry-actin or mCherry-
p16B. Transfected cells were classified concerning the co-localization of MBD-constructs with 
(A) actin or (B) p16B. Categories were with co-localization, without co-localization and 
ambiguous, the latter mostly applying to cells that overexpressed both constructs. Data are 
means and standard errors of means (error bars). n corresponds to number of cells analyzed, 
and asterisks with corresponding p-values indicate differences to be statistically significant.  
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In almost all cells transfected with MBD-VVCA and actin, a co-localization on 
microtubules was visible, but in case of MBD-VVC this number was reduced to 43.2%. 
The recruitment of the Arp2/3 complex was clearly seen in 69.4% of cells expressing 
MBD-VVCA, but the construct lacking the A-domain recruited Arp2/3 complex to 
microtubules only in 10.7% of the cells. Strikingly, the number of cells with apparent 
Arp2/3 complex co-localization was lower with both constructs compared to the number 
of cells quantified for actin accumulation on microtubules. This might simply be due to 
reduced efficiency of Arp2/3 complex detection on microtubules, since neither actin nor 
Arp2/3 accumulation was detectable in the absence of an Arp2/3-binding domain 
(MBD-VV). The data unambiguously proved that the A-domain was not essential for the 
recruitment as well as the activation of Arp2/3 complex on microtubules. To verify that 
the A-domain was also non-essential in a more physiological in vivo process, 
reconstitution experiments of actin tail formation in N-WASP KO cells were performed. 
The formation of actin tails by Shigella is N-WASP-dependent, as this NPF is recruited 
to the Shigella surface to polymerize actin filaments that form the actin tail and propel 
the bacteria through the cell (see also 1.1.16). Accordingly, no actin tails are formed in 
cells lacking N-WASP, but EGFP-N-WASP constructs can reconstitute this phenotype 
(Lommel et al., 2001). 
 
A 
B 
C 
Figure 3-34: N-WASPΔA reconstitutes Shigella-induced actin tail formation in N-WASP- 
deficient cells.  
Immunofluorescence and phalloidin stainings of N-WASP null cells expressing (A) EGFP, (B) N-
WASP full-length or (C) N-WASPΔA infected with Shigella flexneri. The magnified insets in the 
right panel show individual bacteria with or without actin tails, depending on the construct 
transfected. Bar, 5 µm. 
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To test if the A-domain was also dispensable for actin tail formation, N-WASP-deficient 
cells were transfected with either EGFP, EGFP-N-WASP full-length or EGFP-N-
WASPΔA and infected with S. flexneri followed by immunofluorescence staining of the 
bacteria and F-actin (Figure 3-34). In cells expressing EGFP, no actin tails could be 
observed, as expected. However, both N-WASP full-length and N-WASPΔA-expressing 
cells formed prominent actin tails, although the frequency was reduced in the latter. 
Nevertheless, N-WASPΔA clearly reconstituted the missing NPF, so the dispensability 
of the acidic domain was confirmed in the Shigella actin tail formation assay. These 
results provided evidence that the data obtained in the MBD-assay mirrored the in vivo 
mode of Arp2/3 activation by N-WASP for which the A-domain is helpful but not 
essential. 
3.2.10 Applying the MBD-assay for co-localization studies  
The MBD-assay could not only be used to elucidate whether a given factor led to actin 
nucleation, but also which proteins were recruited downstream of distinct actin 
nucleation machineries. For this kind of experiments, the MBD-construct of a nucleator 
or nucleation promoting factor was simply co-expressed with the protein tested for its 
co-localization with the actin assemblies induced. In principle, one example of these 
experiments already shown is the recruitment of the Arp2/3 complex by MBD-VVCA 
(see Figure 3-19).  
A 
B 
 
Figure 3-35: Cortactin is recruited to Arp2/3 complex-mediated but not Spir-induced actin 
structures. 
Individual frames from time-lapse movies of cells co-expressing cortactin and (A) MBD-VVCA or 
(B) MBD-Spir-NT. In merged images on the right, yellow color indicates co-localization of both 
constructs. Arrows in (A) point to co-localization of MBD-VVCA and cortactin. Bar, 5 µm. 
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As displayed in 3.1.11, cortactin did not induce actin polymerization in the MBD-assay. 
Yet, EGFP-tagged as well as endogenous cortactin localizes to sites of active, Arp2/3-
dependent actin nucleation, such as lamellipodia, dorsal ruffles, podosomes or actin 
comet tails induced by bacteria. This notion and in vitro experiments led to the 
assumption that cortactin can also drive in the activation of the Arp2/3 complex, which 
could neither be confirmed by analysis of cortactin-deficient MEFs nor by applying the 
MBD-assay. However, it was interesting to investigate whether cortactin was also 
present at Arp2/3-dependent actin polymerization sites induced by MBD-VVCA. 
To test this, cells were transfected with mCherry-MBD-VVCA and EGFP-cortactin and 
subjected to fluorescence microscopy. As shown in Figure 3-35A, there was indeed a 
strong co-localization of MBD-VVCA and cortactin. So cortactin recruitment coincided 
with actin nucleation induced by the Arp2/3 complex on microtubules as in other in vivo 
processes, although its role was most likely not the activation of the nucleator. To test 
whether cortactin recruitment is specific for Arp2/3-dependent actin nucleation, a 
second and comparably strong nucleator, Spir-NT, was co-transfected with cortactin. In 
these cells, no overlap between the MBD-construct and cortactin was discernable as 
MBD-Spir-NT localized to microtubules and cortactin was diffusely distributed in the 
cytoplasm (Figure 3-35B) or localized to the cell periphery (not shown). Thus, the 
localization of cortactin to Arp2/3 complex-induced actin nucleation on microtubules 
appeared to be specific, as it did not occur with Spir. 
Another protein previously implicated in the regulation of Arp2/3-dependent 
lamellipodia formation is capping protein. It localizes throughout the lamellipodium, and 
was found to be an essential lamellipodial component, as knockdown of capping 
protein completely abolishes lamellipodia, although the mechanism of capping protein 
function is still elusive (Mejillano et al., 2004). Capping protein is also required for 
Arp2/3-dependent reconstituted actin-based motility together with ADF/cofilin (Loisel et 
al., 1999). It is currently unknown, which factor determines capping protein localization 
to the lamellipodium, and how capping protein is able to distinguish between actin 
filaments nucleated by Arp2/3 complex and other nucleators. To test capping protein 
localization in cells with ectopic actin filament arrays nucleated by Arp2/3 or Spir-NT, 
respectively, capping protein was co-transfected with MBD-VVCA and MBD-Spir-NT. In 
almost all cells analyzed that were transfected with MBD-VVCA capping protein 
localized to the microtubule network (Figure 3-36).  
 
 
 
83 
                                                                                                                               Results 
 
Figure 3-36: Capping protein is predominantly recruited to Arp2/3- and not Spir-NT-
induced actin filament assemblies. 
Representative epifluorescence images of B16-F1 cells expressing capping protein and MBD-
VVCA (first panel) or MBD-Spir-NT (second and third panel). Arrowheads indicate lamellipodial 
localization of capping protein and arrows the weak co-localization of MBD-Spir-NT with capping 
protein. Bars, 10 µm. 
This was also represented in the quantification, where more than 90% of the cells 
showed recruitment of capping protein (Figure 3-37). In contrast, in most cells 
transfected with MBD-Spir-NT capping protein did not localize to the MBD-construct but 
to lamellipodia, and even when a co-localization was visible (in 16% of cells, see Figure 
3-37) the co-localization was significantly weaker compared to the average of cells 
observed, which were transfected with MBD-VVCA (Figure 3-36).  
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Figure 3-37: Quantification of capping protein co-localization in cells expressing MBD-
VVCA or MBD-Spir-NT. 
Cells expressing capping protein and either MBD-VVCA or MBD-Spir-NT (for representative 
images see Figure 3-36) were classified regarding the co-localization of the indicated MBD-
constructs with capping protein. Data are means and standard errors of means (error bars). n 
corresponds to number of movies analyzed and asterisks indicate statistically significant 
differences with p≤0.05. 
3.2.11 MBD-capping protein does not induce actin accumulation on 
microtubules 
As displayed above, the Arp2/3 complex or factors co-recruited to Arp2/3-induced actin 
filament arrays seem to determine capping protein localization, as capping protein was 
specifically recruited to actin accumulations mediated by MBD-VVCA. In a following 
experiment it was tested, whether capping protein is able to target the Arp2/3 complex 
nucleation machinery to microtubules, or even nucleates actin on its own as was 
reported by Caldwell et al. in in vitro experiments (Caldwell et al., 1989). For this 
purpose, an MBD-capping protein-β2 construct was cloned. As capping protein is only 
active as heterodimer consisting of a β2 and α1 subunit, it was first tested, if the MBD-
construct was able to recruit the isoform α1. So both MBD-capping protein-β2 and 
capping protein-α1 coupled with different fluorescent dyes were expressed in B16-F1 
cells. As displayed in Figure 3-38A, MBD-capping protein β2 recruited capping protein 
α1 isoform, which suggested that the two capping protein subunits were able to 
associate in spite of the fluorescent protein tags and the MBD and were co-recruited as 
functional unit to the microtubule surface. However, when MBD-capping protein was 
co-transfected with mCherry-actin, no actin accumulation on microtubules was 
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discernable (Figure 3-38B). This indicates that capping protein does not determine the 
localization of Arp2/3-dependent actin polymerization, but rather binds to existing 
Arp2/3-induced actin arrays. Moreover, capping protein does not seem to nucleate 
actin filaments on its own in vivo. 
 
A 
B 
Figure 3-38:  MBD-capping protein-β2 recruits capping protein-α1, but does not induce 
actin accumulation on microtubules. 
Individual frames of time lapse movies from B16-F1 cells transfected with EGFP-MBD-CPβ2 
and (A) mCherry-CPα1 or (B) mCherry-actin. Merged images on the right demonstrate that 
MBD-CPβ2 recruits CPα1, but it does not co-localize with actin. Bar, 10 µm. 
In conclusion, the MBD-assay allows examining the nucleation or nucleation promoting 
activity of a given protein in the cytoplasm of the cell with a simple readout, namely the 
polymerization of actin filaments on microtubules. In the MBD-assay, N-WASP-VVCA 
induced actin polymerization through Arp2/3 complex activation, for which the 
A-domain was dispensable. Cortactin did not recruit or activate the Arp2/3 complex in 
vivo suggesting that it does not act as a NPF, which is in line with results obtained from 
cortactin-deficient cells. Altogether, the MBD-assay constitutes a versatile tool for the 
examination of the different nucleation machineries in the complex environment of the 
cytoplasm. 
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4 Discussion and Outlook 
The actin cytoskeleton is key to various cellular processes, such as cell migration, 
endocytosis or cell adhesion. The property of the actin cytoskeleton to dynamically 
remodel upon intracellular or extracellular signals depends both on the tight regulation 
of actin polymerization in the cytoplasm and the constantly rising number of actin 
modulators. The actin-associated protein cortactin was identified to bind filamentous 
actin and the actin nucleator Arp2/3 complex. Cortactin localizes to sites of active 
Arp2/3-dependent actin assembly, which implicated a role for cortactin in the nucleation 
process (Weaver et al., 2002; Weaver et al., 2001; Weed et al., 2000). In vitro studies, 
dominant-negative approaches and knockdown experiments substantiated these 
findings and established cortactin as an NPF with essential roles in lamellipodia and 
podosome formation, endocytosis, host-pathogen interactions and cell-cell adhesions 
(Cosen-Binker and Kapus, 2006). However, some findings were challenging the role of 
cortactin as NPF. These included the fact that cortactin did not incorporate at the front 
of lamellipodia in FRAP experiments as the Arp2/3 complex and the NPF WAVE, but 
instead recovered throughout the whole lamellipodium (Lai et al., 2008) inconsistent 
with function of cortactin in Arp2/3 activation. Additionally, the work from Padrick et al. 
indicated that binding of cortactin to the Arp2/3 complex, previously considered to 
activate the nucleator, could serve an inhibitory rather than stimulatory role on Arp2/3 
activation e.g. by WASP family proteins (Padrick et al., 2008). This is because 
dimerized class I NPFs such as N-WASP or WAVE that are able to hyperactivate the 
nucleator compete with cortactin for one additional binding site on the Arp2/3 complex. 
The analysis of cells genetically depleted for cortactin allowed testing which processes 
are truly impaired upon loss of cortactin. The findings of Lai et al. confirmed that 
cortactin depletion inhibited PDGF-induced actin rearrangement and decreased 
migration speed as well as wound healing efficiency. However, no alteration in 
lamellipodial ultrastructure, Rac-induced lamellipodia formation or clathrin-mediated 
endocytosis was discernible (Lai et al., 2009). In the present thesis, cortactin loss-of-
function was examined in more detail both at the cellular level and in cortactin and 
HS1/cortactin KO mice. Moreover, the relevance of cortactin-mediated Arp2/3 complex 
activation in vivo was determined using a novel actin polymerization assay operating in 
the cytoplasm of living cells.  
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4.1 Decreased wound healing rates in cortactin KO cells can be 
reconstituted with active Rho-GTPases 
Several studies have reported that interference with cortactin function reduced 
migration and thus wound healing efficiency, which was often attributed to impaired 
lamellipodia formation or persistence (Bryce et al., 2005; Kelley et al., 2010; Kowalski 
et al., 2005; Zhu et al., 2010). Cortactin KO MEF cells also displayed impaired 
migration, as they were moving slower compared to control cells in random migration 
assays and needed more time to close an artificial wound in in vitro wound healing 
assays (Lai et al., 2009). The fact that lamellipodia formation per se was not affected, 
but the activity of the small Rho-GTPases Rac1 and Cdc42 was reduced in cortactin-
depleted cells (Lai et al., 2009) led to the assumption that the migration defect might 
correlate with low Rho-GTPase levels. This connection could be confirmed in this 
thesis by overexpression of constitutively active Rac1 and Cdc42, which both 
enhanced the wound healing rate in cortactin KO cells, and Cdc42 overexpression 
reconstituted the migration defect to almost WT levels (Figure 3-2). Interestingly, Rac1 
overexpression in control cells reduced the wound healing efficiency, which 
demonstrated that the amount of active Rac1 does not directly correlate with migration 
speed and Rac1 overexpression enhances motility only if Rac1 activity is low. Although 
cortactin deficiency does not abolish lamellipodia formation, the signaling pathway e.g. 
as induced by PDGF resulting in actin rearrangements is impaired in cortactin KO cells 
(Lai et al., 2009). Upon wounding a confluent layer of cells, a signaling cascade is 
activated in the cells facing the wound, which drives directed cell migration into the cell-
free area until wound closure is complete. For effective migration, mesenchymal cells 
need to form lamellipodia, which is dependent on small Rho-GTPases. Rac1 is 
considered to be crucial for lamellipodia formation together with Arp2/3 and WAVE 
complex (Guo et al., 2006; Ridley et al., 1992; Steffen et al., 2004; Vidali et al., 2006), 
because it activates the WAVE complex and thereby induces actin polymerization in 
the lamellipodium driven by the Arp2/3 complex, which promotes cell migration. Cdc42 
is also able to induce lamellipodia (Aspenström, Fransson, and Saras, 2004; Nobes 
and Hall, 1995), although it does not directly interact with the WAVE complex. Instead, 
Cdc42 was shown to activate Rac (Nobes and Hall, 1995), which in turn could promote 
lamellipodia formation and trigger efficient migration. In a recent study in which Cdc42 
was downregulated using RNAi, the depletion of Cdc42 caused impaired cell migration, 
although the level of active Rac was unaltered, indicating that Cdc42 might promote 
motility also independent of Rac (Monypenny et al., 2009). Whatever the case, the 
wound healing defect in cortactin KO cells is probably due to impaired signaling in the 
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cells near the wound, which are unable to activate as much Rac1 and Cdc42 as control 
cells leading to lower wound closure rates. 
Wound healing experiments as performed in this thesis together with Rho-GTPase 
activation assays would be an adequate approach for reconstitution experiments with 
mutated cortactin constructs to find out which domain in the cortactin protein is 
responsible for the promotion of Rho-GTPase activity. Given that cortactin does not 
directly alter the actin cytoskeleton, but loss of cortactin impairs the activation of Rho-
GTPases, it is tempting to speculate that cortactin recruits a GEF to sites of active actin 
nucleation, where the latter may continuously refill the pool of GTP-loaded Rho-
GTPases, which in turn drive the activity of NPFs and subsequently of the Arp2/3 
complex. Indeed, cortactin was shown to bind to the Cdc42 GEF Fgd1 via its SH3 
domain (Hou et al., 2003). In addition the interaction between the cortactin homolog 
HS1 and the GEF VAV1 was established, the latter being responsible for nucleotide 
exchange in both Rac and Cdc42 in the hematopoietic system. Both proteins were 
implicated in the formation of the immunological synapse and association between HS1 
and VAV1 required tyrosine phosphorylation of HS1 and the SH2 domain of VAV1 
(Gomez et al., 2006). VAV1 is restricted to the hematopoietic system, but the two 
isoforms VAV2 and VAV3 are expressed more ubiquitously (Schuebel et al., 1996; 
Trenkle et al., 2000). Recruitment of a GEF by cortactin is an attractive model, as it 
would explain the signaling defect and impaired wound healing detected in cortactin 
KO cells. In addition, it would explain why cortactin localizes to sites of active, Arp2/3-
dependent actin nucleation irrespective of the activation of the complex. It is possible 
that cortactin is not the only protein targeting GEFs to e.g. the lamellipodium, which 
would explain the reduction and not abolishment of PDGF-induced actin rearrangement 
(Lai et al., 2009). Whether the signaling defect in cortactin KO cells regarding Rho-
GTPase activity is truly linked to missing recruitment of Fgd1, VAV2/3 or a different 
GEF remains to be determined.  
4.2 Reduction of α-actinin4 expression in cortactin KO cells 
The use of an Affymetrix RNA array for the detection of genes with higher or lower 
transcription levels upon cortactin KO indicated that α-actinin mRNAs were reduced to 
25-50%. To verify that lower transcription of α-actinin also results in lower amounts of 
protein, western blot analysis was performed using an antibody specific for the α-
actinin isoform 4, one of the two isoforms expressed in non-muscle cells. Indeed, also 
at the protein level, α-actinin4 was reduced on average to 50% compared to control 
cells in both the pooled cortactin KO cell population and the five individual cortactin KO 
clones (Figure 3-3). Nevertheless, cortactin deficiency did not alter the subcellular 
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localization of α-actinin4, as examined by immunofluorescence stainings (Figure 3-4). 
To date, no direct link between cortactin and α-actinin is known. Reduced protein levels 
of α-actinin could be explained by an inhibitory effect of cortactin depletion on 
transcription, although a potential connection of cortactin to the nucleus and 
transcription remains elusive.  
The fact that α-actinin is reduced in cortactin KO cells could explain the loss of focal 
adhesion disassembly upon PDGF treatment in cortactin KO cells (Lai et al., 2009). α-
actinin has been reported to be redistributed prior to focal adhesion disassembly upon 
PDGF stimulation and PI3-kinase activation, as α-actinin bound to PIP2 and PIP3 in the 
plasma membrane, the latter of which is generated by PI3-kinase (Fraley et al., 2003; 
Greenwood et al., 2000). In cortactin KO cells, the PDGF-mediated disassembly of 
focal adhesions and stress fibers was abrogated (Lai et al., 2009). It is possible that on 
one hand the relocation of α-actinin serves as a trigger for focal adhesion disassembly. 
On the other hand, cortactin could regulate the activity of the PI3-kinase, for instance 
by enhancing the association of PI3-kinase with growth factor receptors such as the 
PDGF-receptor, which activates PI3-kinase (Cantley, 2002). If this was the case, the 
formation of PIP2 and PIP3 could be impaired upon cortactin depletion, which would 
explain both the lack of focal adhesion disassembly that is triggered by PIP2 and PIP3 
formation (Greenwood et al., 2000), and reduced Rho-GTPase levels, as the PI3-
kinase is a key molecule in the activation of Rac and Cdc42 (Kolsch, Charest, and 
Firtel, 2008). In future work, it will be beneficial to step by step dissect the PDGF 
response in cortactin KO cells to precisely determine which process in the sequence of 
events to activation of Rho-GTPases is defective upon loss of cortactin. 
4.3 Cortactin is essential for InlB-mediated Listeria invasion 
Loss of cortactin was also reported in the literature to influence the ability of pathogens 
to adhere to and infect host cells as well as to move in the cytoplasm of eukaryotic 
cells. Gentamicin protection assays in control and cortactin KO fibroblasts cells 
revealed that the specific invasion of Listeria, which is mediated by the bacterial factor 
InlB in murine tissue, was blocked in the absence of cortactin in two independently 
generated cell populations with different deleted cortactin alleles (Figure 3-5 and Figure 
3-7). InlA-mediated bacterial entry was irrelevant in these cells, because InlA is only 
able to associate with human E-cadherin (Lecuit et al., 1999; Schubert et al., 2002). 
Non-specific uptake of bacteria as determined using an InlA/B-deficient Listeria strain 
accounted for 50% of total Listeria internalization and could occur, for instance, through 
the formation of macropinosomes. These special vesicles form e.g. upon closure of 
dorsal ruffles and contain extracellular fluid, which can also include bacteria (Kerr and 
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Teasdale, 2009). However, it is also possible that so far unknown bacterial factors drive 
internalization of Listeria in addition to InlA and B.  
Regarding InlB-dependent Listeria invasion, it was shown that c-Met activation and 
downstream activation of Rac was crucial for infection efficiency (Bosse et al., 2007; 
Seveau et al., 2007). To investigate whether the signaling involved in Listeria invasion 
was impaired in cortactin-deficient cells, control and cortactin KO cells were treated 
either with the host cell ligand for c-Met, HGF, or with the bacterial ligand, InlB. The 
signaling cascade triggered by ligand-receptor binding leads to dorsal ruffle formation, 
which can be easily quantified using fluorescence microscopy. Dorsal ruffling has been 
emerged as a sensitive readout and was already used to detect and quantify the 
impairment of PDGF-induced actin rearrangements in cortactin KO cells (Lai et al., 
2009). In contrast to PDGF treatment, cells lacking cortactin were able to form dorsal 
ruffles upon both HGF and InlB stimulation, at frequencies identical to control cells 
(Figure 3-9). Thus, defective c-Met signaling did not seem to be the reason for 
abolished InlB-dependent uptake of Listeria upon cortactin deletion. Interestingly, 
cortactin has not only been implicated in InlB-mediated Listeria entry, but was also 
shown to be crucial for infection through the InlA pathway. Knockdown of cortactin via 
RNAi resulted in reduced uptake of mutant Listeria lacking InlB, which was attributed to 
cortactin-mediated Arp2/3 complex activation, as overexpression of cortactin constructs 
sequestering or unable to bind the Arp2/3 complex inhibited Listeria internalization 
(Sousa et al., 2007). Of course it would have been intriguing to examine whether or not 
the InlA pathway was also affected in cells genetically depleted for cortactin, but as InlA 
does not interact with murine E-cadherin, it was impossible to verify these results in the 
cortactin KO cells used in this thesis. 
In order to shed light onto the implications of cortactin in InlB-mediated Listeria 
invasion, again reconstitution experiments would be helpful. Through re-expression of 
cortactin constructs with either point mutations or deletion of whole domains in cortactin 
KO cells combined with Listeria infection experiments, domains involved in the 
internalization process could be identified and a mechanism for cortactin in the 
infection process could be established. 
4.4 Analysis of cortactin- and HS1/cortactin-deficiency in mice 
In general, the use of KO mice has important advantages compared to cellular studies. 
On one hand, the deletion of a gene in the whole organism allows examining its role in 
embryogenesis, brain and organ formation, and behavior all of which require functional 
cytoskeleton (Erck et al., 2005; Lommel et al., 2001; Rust et al., 2010). On the other 
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hand, KO mice can be used as source for organs or primary cells, which can be 
applied to in vitro experiments.  
Mice lacking cortactin were viable, fertile and did not show obvious phenotypes in SPF 
animal housing. This demonstrated that cortactin was not essential during 
embryogenesis, although contradictory results were obtained using a gene trap 
approach instead of a conditional KO (Yu et al., 2010). Yu et al. reported that 
heterozygous matings did not produce KO pups and examination of fertilized oocytes 
revealed that no KO embryos in the two-cell stage could be observed. Thus, Yu et al. 
claimed that cortactin was essential for asymmetric division in oocytes. As cortactin KO 
mice were born mostly at Mendelian ratio (see below), a role for cortactin in embryonic 
cell division can be excluded, and the results from Yu et al. indicate a complication in 
the gene trap approach. 
Heterozygous matings of two different mouse populations served as source to analyze 
the frequency of the different genotypes and sexes in the offspring. In both mouse 
lines, WT, heterozygous as well as homozygous pups from both sexes were born, but 
the frequencies differed from Mendelian ratios in some cases. Crossings of 
heterozygous mice harboring the deleted Neo allele produced more male than female 
offspring, but male KO mice were underrepresented (Figure 3-10). Interestingly, in 
heterozygous matings of mice carrying the deleted cortactin allele, more female pups 
were born, and especially heterozygous females were more frequent than calculated 
(Figure 3-11). These results demonstrate that although in principle all combinations of 
genotypes and sexes were generated, still the different allele composition of parental 
mice biased the frequency of certain combinations in the offspring. The reasons for 
these differences are unknown, but could be due to the different genetic background of 
the cell lines or the conditions in the animal husbandry. 
In cortactin KO mice, the hematopoietic homolog of cortactin, HS1, was still present. In 
order to generate a knockout lacking both class II NPFs found in mammals, crossings 
between mice with the cortactin deleted Neo allele and HS1 KO mice were arranged by 
Frank Lai. The double KO was also fertile, viable and without apparent phenotype. 
However, HS1 KO mice were previously shown to be impaired in antibody production, 
immunoreceptor-induced proliferation of B and T cells (Taniuchi et al., 1995) and blood 
coagulation (Kahner et al., 2007). These defects were certainly also present in the 
double KO mice, but neither was the immune system challenged with pathogens nor 
were mice wounded, so none of these phenotypes were observed in our animal 
husbandry. Mating statistics of crossings of mice homozygous for HS1 KO and 
heterozygous for cortactin KO revealed that these mice were born as expected from 
Mendel’s rules (Figure 3-12). 
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In the literature, cortactin was described as essential component in the formation of 
podosomes in cell types as various as osteoclasts, smooth muscle cells and v-Src- 
transformed fibroblasts. Osteoclasts depleted for cortactin neither formed podosomes 
nor sealing rings, and were defective in bone resorption (Tehrani et al., 2006a). 
Podosome formation was also reported to be abolished in smooth-muscle cells after 
cortactin knockdown (Zhou et al., 2006). 
In the present study, peritoneal macrophages isolated from control mice and littermates 
deleted for cortactin or both cortactin and HS1, respectively, all displayed podosomes 
with unaltered morphology and typical protein composition (Figure 3-13 and Figure 
3-16). The number of cells forming podosomes was also comparable in control and KO 
macrophages (Figure 3-14 and Figure 3-17). It could be excluded that HS1 was 
upregulated to compensate for the absence of cortactin, as western blot analysis 
detected equal amounts of HS1 in both control and cortactin KO macrophages (Figure 
3-15). More importantly, also the double KO macrophages lacking both cortactin and 
HS1 were able to form podosomes. In conclusion, at least in macrophages, 
podosomes can be assembled in the absence of cortactin. Yet it remains to be 
answered whether macrophages are the only cell type forming podosomes 
independently of cortactin. To address this question, osteoclasts and smooth muscle 
cells from cortactin KO mice should be examined regarding the existence of 
podosomes, because the essential role for cortactin could be specific for these cell 
types. However, the impairment in podosome assembly obtained with RNAi-induced 
knockdown of cortactin could also have other reasons such as off-target effects, as this 
is one major disadvantage of silencing genes using RNAi (Jackson et al., 2003). 
Jackson et al. could demonstrate that direct silencing of non-targeted genes required 
as few as eleven contiguous nucleotides of identity to the siRNA, so misinterpretation 
from RNAi experiments can easily occur. Thus, the potential role for cortactin in 
podosome formation in osteoclasts and smooth-muscle cells should be re-evaluated.  
Although podosome formation and recruitment of typical proteins in cortactin and 
HS1/cortactin KO macrophages was normal, nothing is known about the functionality of 
podosomes lacking cortactin and/or HS1. In order to cross endothelial barriers, 
macrophages recruit metalloproteases to podosomes, where they are secreted into the 
extracellular lumen and decompose the ECM (Linder, 2007). Preliminary results from a 
collaboration with Christiane Wiesner and Stefan Linder (UKE Hamburg), where 
macrophages from cortactin KO mice were subjected to matrix degradation assays 
revealed that upon cortactin depletion macrophages displayed a severe impairment in 
gelatin degradation (unpublished data). These experiments have to be repeated in the 
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future to verify whether or not cortactin may indeed play a role in the degradation 
process of the ECM mediated by podosomes. 
4.5 In vivo versus in vitro actin polymerization assays 
In order to investigate the impact of a protein on actin polymerization, mostly in vitro 
assays are employed. A common method is the so-called pyrene assay, in which the 
increase of fluorescence of pyrene-actin upon incorporation into an actin filament is 
utilized to measure actin polymerization rates (Cooper, Walker, and Pollard, 1983). 
Purified proteins of interest are mixed with actin and pyrene-labeled actin and 
fluorescence is measured over time, which allows assessing the ability of a protein to 
promote actin filament formation (Ismail et al., 2009; Marchand et al., 2001; Padrick et 
al., 2008; Zuchero et al., 2009). In case of testing NPFs, the Arp2/3 complex is added 
to the assay and enhancement in Arp2/3 complex-dependent actin nucleation is 
measured. The use of in vitro assays is highly useful and provides important 
information regarding the direct impact of a specific factor on actin polymerization. A 
major advantage is that a defined amount and composition of proteins can be assayed. 
Still, in vitro assays also have disadvantages, for instance, they are often carried out in 
non-physiological salt concentrations, which do not reflect the in vivo situation and can 
lead to irrelevant results. Additionally, when using defined protein mixtures important 
factors such as components essential for the activity of the protein of interest could be 
missing, with strong potential impact on the outcome of the experiment. Most 
importantly, although proteins in in vitro experiments can display a certain activity e.g. 
on actin polymerization, this activity is not necessarily relevant in living cells. Cellular 
functions of a protein are often determined using loss-of-function experiments, such as 
knockdown or knockout of a protein. Nevertheless, a handy tool to directly assay the 
actin polymerizing activity of a given factor in vivo was missing so far. There have been 
attempts to target the actin polymerization machinery to cellular organelles like 
mitochondria and endosomes (Kessels and Qualmann, 2002; Pistor et al., 1994; 
Schmauch et al., 2009). However, endosomes possess an actin shell, which makes it 
impossible to differentiate between the effects of endogenous and exogenous actin-
binding factors. Mitochondria lack actin filaments, but are highly dynamic, which makes 
them unsuitable for live cell imaging and FRAP experiments. In this thesis, a novel 
approach was introduced, which is also based on protein recruitment to an ectopic site 
in the cell. Potential actin nucleators or NPFs were targeted to the microtubule network, 
which is relatively stable in interphase cells, apart from the highly dynamic plus ends 
(Etienne-Manneville, 2010). Whether an MBD-construct induced actin assembly on 
microtubules was explored by simple and straight forward microscopy. Employment of 
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the MBD-assay allowed the use of live cell imaging of actin polymerization at 
microtubules as well as turnover measurements using FRAP. As confirmed by EM 
tomography, control microtubules were largely devoid of actin filaments, so only 
coincidental overlaps between microtubules and actin filaments could be discerned 
(Figure 3-22E). Thus, no interference of endogenous actin regulators with microtubule-
targeted nucleators or NPFs was expected. Of note, the novel microtubule-based actin 
polymerization assay was not developed to replace in vitro assays. Instead, it is 
established here as a tool to verify results obtained in in vitro experiments, and to test 
for their relevance in vivo. 
4.6 Properties of N-WASP-VVCA-mediated actin nucleation in vivo 
The characteristics of the in vivo actin polymerization assay were determined using a 
chimeric protein consisting of an EGFP-tag for the detection of the protein, the 
microtubule-binding domain (MBD) of MAP4, which mediated targeting to microtubules, 
and the VVCA domain of N-WASP. The N-WASP-VVCA was established as a potent 
Arp2/3 activating peptide (Yamaguchi et al., 2000) and was thus well-suited to assess 
the properties of the MBD-assay. MBD-VVCA was demonstrated to bind to 
microtubules with counterstaining of α-tubulin, recruit the Arp2/3 complex and mediate 
actin polymerization, as the actin accumulations on microtubules were positive for 
phalloidin staining and therefore contained actin filaments (Figure 3-19).  
To prove that the actin assembly induced by MBD-VVCA was generated through 
nucleation via the Arp2/3 complex on microtubules, several control experiments were 
carried out. A construct only comprising the EGFP-tagged MBD was transfected into 
cells, which did not induce actin accumulation or Arp2/3 complex recruitment (Figure 
3-20), showing that the VVCA was required to target the Arp2/3-dependent actin 
machinery to microtubules. Neither the F-actin-binding domains of α-actinin nor full-
length fascin were able to recruit actin filaments to microtubules (Figure 3-21), so sole 
recruitment of actin filaments from the cytoplasm did not seem to suffice as mechanism 
of actin accumulation. In addition, an MBD-construct comprising only the two WH2 
domains of N-WASP was tested concerning its ability to recruit actin filaments to 
microtubules, as they were recently shown to be capable of binding to actin filaments 
(Co et al., 2007). But also this construct did not mediate actin assembly on 
microtubules, and when analyzing 278 cells co-expressing MBD-VV not a single cell 
was identified with co-localization of the MBD-construct and actin filaments (Figure 
3-31B and Figure 3-33). In conclusion, the induction of actin filament assembly on 
microtubules cannot be attributed to sole F-actin recruitment; instead it seems to be 
dependent on actin nucleation. 
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Cells co-transfected with MBD-VVCA and actin were used to determine the dynamics 
of actin assembly induced by MBD-VVCA. Video microscopy revealed that on growing 
microtubules association of MBD-VVCA and actin polymerization occurred 
synchronously (Figure 3-24A). These findings demonstrated that after MBD-VVCA 
binding to the microtubule, actin was nucleated instantaneously, so actin assembly was 
fast and its delay not resolvable with the microscope settings used. Similarly, on 
shrinking microtubules, MBD-VVCA and actin dissociated simultaneously (Figure 
3-24B), which showed that MBD-VVCA-induced actin accumulation needed the 
physical interaction with the MBD-construct and the microtubule.  
To learn more about the dynamics of MBD-VVCA and associated actin on 
microtubules, FRAP experiments were performed. This method is well-suited to detect 
how molecules are incorporated into a given structure and allows drawing conclusions 
concerning the stability and the turnover of a given structure. Recently, a 
comprehensive study on the dynamics of the actin network in the lamellipodium was 
published, in which the turnover of actin itself as well as actin-associated proteins was 
determined in FRAP experiments (Lai et al., 2008). The halftime of recovery of MBD-
VVCA was 7.7 s (Figure 3-25), which is in the same range as the Arp2/3 complex NPF 
WAVE at the lamellipodium tip (Lai et al., 2008). The residency time of NPFs both in 
lamellipodia and on microtubules could be essential for effective nucleation by the 
Arp2/3 complex, although this would have to be verified in additional experiments, in 
which the interaction time with the microtubule surface is engineered to be shortened 
or enhanced. The turnover of actin filaments on microtubules was significantly slower 
than that of MBD-VVCA (Figure 3-25), again reminiscent of the actin turnover in 
lamellipodia (Lai et al., 2008). The delay in actin filament recovery on microtubules was 
probably caused by the fact that not every MBD-VVCA molecule was able to recruit 
and activate the Arp2/3 complex on microtubules. The FRAP experiments 
demonstrated that microtubules were stable enough for assaying turnover of nucleators 
or NPFs and associated actin filaments. 
The ultrastructure of actin filaments nucleated by Arp2/3 complex on microtubules was 
explored by correlative light and electron tomography. This method was used to first 
detect microtubules decorated with MBD-VVCA and associated actin filaments using 
fluorescence microscopy. Subsequently, the same cell was fixed and subjected to 
electron tomography, where a region with prominent microtubules as identified in the 
fluorescence microscope was selected. Through comparison of both images, a 
microtubule with MBD-VVCA and actin association could be relocated and analyzed in 
the electron microscope. In the tomogram shown in Figure 3-22, a microtubule is 
visible that is associated with a high number of small filaments arranged in an 
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unorganized fashion, whereas in the control cell, only small numbers of actin filaments 
randomly crossed the microtubule. These findings on one hand confirmed that the actin 
accumulations on microtubules contained filamentous actin, and on the other hand 
demonstrated that actin filaments induced by MBD-VVCA were apparently not 
assembled into regular structures e.g. by actin bundling proteins. In future experiments, 
it would be interesting to investigate whether the different actin nucleators executing 
their distinct actin nucleation mechanisms all form similar actin filament arrays or 
whether each nucleator induces a unique actin filament pattern on microtubules. 
Moreover, in-depth analysis of filaments induced by MBD-VVCA could answer the 
question if the Arp2/3 complex nucleates branched actin filaments in the cytoplasm or 
not. Recent publications using negative stain electron microscopy and cryo-electron 
tomography challenged the widely accepted opinion that the lamellipodium consists of 
a dendritic actin filament network (Koestler et al., 2008; Urban et al., 2010). 
Nevertheless, potential, transiently formed actin branches at the proximity of the 
plasma membrane could not be examined so far, as the membrane is extracted during 
sample preparation, which could lead to a loss of newly nucleated filaments associated 
with the membrane. This problem is not expected to occur using the MBD-assay, as 
the actin filaments are nucleated on the microtubule surface far away from membranes.  
In the course of my experiments, a construct lacking the acidic domain of VVCA was 
cloned. Surprisingly, this construct was still able to induce Arp2/3-dependent actin 
assembly on microtubules (Figure 3-32 and Figure 3-33). It had been demonstrated in 
independent studies that the acidic domain in the VCA module is essential for Arp2/3 
complex activation (Kelly et al., 2006; Marchand et al., 2001). Special importance was 
attributed to the tryptophan residue on position 500 within the acidic domain, as 
mutation of this residue abolished Arp2/3 binding (Marchand et al., 2001). One in vitro 
study had previously shown that VVC could activate Arp2/3 on artificial vesicles, 
although higher concentrations of Arp2/3 were needed (Delatour et al., 2008). 
Moreover, microinjection of GST-bound WASP-VC in macrophages induced actin 
clumps (Hüfner et al., 2001), although this activity was subsequently attributed to an 
artifact caused by GST-mediated dimerization (Kelly et al., 2006). Thus, no direct 
evidence was provided that Arp2/3 activation could take place without the acidic 
domain in vivo. In the present study, I also explored Shigella actin tail formation, which 
is known to essentially require N-WASP (Lommel et al., 2001), and thus constitutes a 
physiologically relevant system to study N-WASP function in vivo. In N-WASP KO cells, 
Shigella could form actin comet tails upon reconstitution not only with full-length N-
WASP, as expected, but also using an N-WASP construct lacking the acidic domain 
(Figure 3-34). These data undoubtedly confirmed that the acidic domain was not 
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essential for Arp2/3 complex recruitment and activation in vivo. Nevertheless, the MBD-
VVC construct was impaired both in Arp2/3 complex recruitment and in inducing actin 
polymerization, as determined by quantification of cells co-expressing actin or p16B 
with the respective MBD-construct (Figure 3-33). In the case of MBD-VVCA, almost 
every cell displayed actin accumulation on microtubules and in two-thirds of cells 
Arp2/3 complex association was detectable. In contrast, only half of the cells 
transfected with MBD-VVC accumulated actin on microtubules, and clear Arp2/3 
complex accumulation was seen in as few as 10% of the cells. The MBD-assay also 
confirmed that the central domain is essential for Arp2/3 complex recruitment and 
activation in vivo, as the construct comprising only the two WH2 domains of N-WASP 
neither induced actin assembly on microtubules nor recruited the Arp2/3 complex. 
However, the acidic domain is not essential for the induction of actin assembly in vivo, 
although both the recruitment of and actin polymerization by Arp2/3 are more efficient 
with the complete VVCA-module. Strikingly, the amount of cells with MBD-construct 
and actin co-localization exceeded the number of cells with co-localization of MBD-
construct and p16B, which is probably due to reduced efficiency of p16B detection on 
microtubules. The possibility that Arp2/3-independent actin polymerization might occur 
could be formally excluded, since abolished Arp2/3 recruitment observed with MBD-VV 
coincided with a complete block of actin assembly.  
4.7 Cortactin: inactive as NPF but still a determinant of Arp2/3-
mediated actin nucleation in vivo 
As outlined above, the results from various experiments did not argue for the widely 
accepted view that cortactin acts as Arp2/3 complex activator in vivo. Thus, it was 
intriguing to test how cortactin behaved in the MBD-assay. Two constructs were 
cloned: full-length cortactin and the isolated NTA-domain harboring the Arp2/3-binding 
domain coupled to MBD. Surprisingly, both constructs were unable to recruit the Arp2/3 
complex to microtubules, indicating that the binding affinity in vivo for the Arp2/3 
complex does not suffice to target the Arp2/3 complex to microtubules (Figure 3-26A). 
In line with these findings, no actin polymerization was induced by the two MBD-
cortactin-constructs (Figure 3-26B). In summary, the lack of Arp2/3 complex 
recruitment of MBD-cortactin contradicted the view that it acts as Arp2/3 activator in 
vivo. Nevertheless, by using the MBD-assay, it could be confirmed that cortactin is 
apparently involved in Arp2/3 complex-dependent processes, as cortactin was 
specifically co-recruited to actin filaments nucleated by VVCA and Arp2/3 complex 
(Figure 3-35). Thus, in spite of the inability of cortactin to activate Arp2/3 and consistent 
with numerous cellular studies, which detected cortactin in Arp2/3 complex-rich 
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structures (Ammer and Weed, 2008), cortactin localized to MBD-VVCA-induced actin 
networks downstream of their formation. However, the precise role of cortactin in 
Arp2/3-dependent actin polymerization remains elusive.  
An interesting result also in the context of cortactin was that the A-domain of N-WASP 
was dispensable for activation of the Arp2/3 complex (see 3.1.15). The A-domain 
including its conserved tryptophan residue is the only common feature between class I 
and class II NPFs concerning Arp2/3 activation. The MBD-assay as well as 
reconstitution of Shigella actin tail formation suggests that the essential unit for 
induction of Arp2/3-dependent actin nucleation is the VVC-domain, which is absent in 
cortactin and thus might explain the inability of cortactin to activate the Arp2/3 complex 
in vivo. However, the efficiency of actin polymerization as well as recruitment of Arp2/3 
was enhanced using the complete VVCA domain, which suggests that A-domain-
mediated Arp2/3 complex interaction might increase the efficiency for nucleation. In 
case of class I NPFs, this could thus effect productive Arp2/3 activation, whereas in 
case of cortactin the A-domain might solely determine the localization of cortactin to 
Arp2/3-dependent actin polymerization, or even counteracts the efficient activation 
observed for class I NPF-dimers (Padrick et al., 2008). This hypothesis awaits 
confirmation in future experiments. 
To get more information about the domains of cortactin mediating its correct 
localization in the cell, localization studies were performed using different cortactin 
constructs. As expected, the full length cortactin construct localized to lamellipodia and 
membrane ruffles. In contrast to the Arp2/3 complex, it also labeled microspikes, which 
indicated that the Arp2/3 complex was not the only determinant for cortactin 
localization. Another striking result was obtained by using truncated cortactin 
constructs. The NTA, which was shown to bind the Arp2/3 complex in vitro (Weed et 
al., 2000), was not able to target the construct to lamellipodia. This finding is consistent 
with previous studies, in which myc-tagged constructs were used (Weed et al., 2000). 
In the study of Weed et al., the minimal construct that localized to the cell cortex 
comprised the NTA and F-actin repeats 1 to 4, whereas the fourth repeat was claimed 
to be most important for F-actin binding. However, the EGFP-cortactin 1-146 construct 
targeted to lamellipodia in B16-F1 cells, so either the localization of cortactin to the cell 
periphery depends on the NTA and much less of the actin binding repeats (only N-
terminal 1.5 repeats present), or the sequence responsible for cortactin localization to 
lamellipodia is encoded by aa residues 85 to 146. Interestingly, EGFP-cortactin 1-146 
was not found in microspikes, which indicated that the association with the latter was 
mediated by more C-terminal parts of the protein. To unambiguously map the domains 
required for lamellipodia and microspike localization of cortactin, systematical deletion 
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studies are needed. However, the results obtained in this thesis already demonstrate 
that binding to the Arp2/3 complex via the NTA alone is not sufficient for localizing 
cortactin to the lamellipodium, and that further N-terminal sequence stretches (perhaps 
including the first 1.5 actin binding repeats) were needed additionally to the NTA to 
target cortactin to the cell periphery. Nevertheless, also the C-terminal part of cortactin 
seems to contribute to subcellular localization, as the association with microspikes was 
only detectable using the full-length construct. As an example for further experiments, it 
would be worthwhile to test a construct lacking the NTA in order to re-evaluate the 
importance of Arp2/3 binding for correct localization, both concerning the localization to 
the cell periphery and also to MBD-VVCA-induced actin assembly.  
4.8 Actin nucleation on microtubules by Spir and Drf3ΔDAD  
As outlined in the introduction, additional mechanisms of actin nucleators exist, which 
differ from mimicking an actin dimer as established for the Arp2/3 complex. I have 
tested therefore whether actin nucleation by Spir or formins can also drive actin 
assembly in the MBD-assay. As expected, both actin nucleators induced actin 
polymerization on microtubules (Figure 3-28), albeit the potency to induce actin 
accumulation differed significantly. Spir, which has so far been classified as a 
moderately potent actin nucleator (Quinlan et al., 2005), strongly induced actin 
polymerization on microtubules, and as with MBD-VVCA, nearly all transfected cells 
displayed actin accumulation on microtubules (data not shown). In contrast, the 
powerful actin nucleator Drf3ΔDAD (Li and Higgs, 2005) nucleated only few actin 
filaments on microtubules and cells displaying actin on microtubules were infrequent. 
These conflicting results could have very simple explanations. Concerning Spir, it was 
previously shown that the nucleator cooperates with the formin2 (Pechlivanis, Samol, 
and Kerkhoff, 2009). Thus, the strong actin nucleation activity of Spir in vivo could be 
due to co-recruitment of formin2 promoting actin assembly. However, the two isolated 
Spir WH2 domains including the monomer-binding linker were also able to potently 
nucleate actin (Figure 3-28C), and this construct lacked the formin-interaction domain. 
Thus, my findings suggest that the conditions used in the in vitro assay do not precisely 
reflect the situation in the cytoplasm, for instance concerning salt concentrations or pH, 
and potential Spir activators present in the cytoplasm could have been missing in vitro. 
The weak actin nucleation activity of Drf3ΔDAD possibly had different reasons. For 
formin-mediated actin nucleation, the formation of a homodimer by actin binding to the 
two FH2 domains is a crucial step, as exemplified by mDia1 and Bni1 (Moseley et al., 
2004). The dimerization of the MBD-constructs could be complicated on microtubules 
due to sterical constraints that hinder the formation of the active formin unit. Another 
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explanation could be that targeting of the formin to the surface of microtubules might 
interfere with its processivity, thus decelerating formin-mediated actin polymerization. 
Additional formins could be tested to distinguish between these possibilities. 
A recent publication demonstrated that the DAD domain of mDia1 contributed to actin 
nucleation by binding G-actin (Gould et al., 2011), which could provide an additional 
explanation for low actin nucleation activity of MBD-Drf3ΔDAD. Thus, future efforts 
should include the comparison of the actin assembly activities of formins or formin 
fragments harboring and lacking the DAD domain, also in the context of the MBD-
assay. In addition, point mutations in the DAD or DID domain could serve to mediate 
the relief of autoinhibition to generate constitutively active formins. 
4.9 Actin nucleation by monomer clustering 
Another surprising result was obtained by the fusion of MBD to Lifeact, an F-actin 
binding sequence derived from the yeast protein Abp140. Initially considered as 
potential negative control together with fascin and the ABD of α-actinin, MBD-Lifeact to 
our surprise accumulated actin filaments on microtubules (Figure 3-30A). The other F-
actin-binding proteins appeared unable to induce actin accumulation on microtubules 
(see above), so it was unlikely that Lifeact would recruit F-actin to microtubules. In 
vitro, Lifeact was previously shown to bind both F- and G-actin, although the latter with 
significantly lower affinity (Riedl et al., 2008). However, this actin monomer binding 
activity might constitute the decisive difference to fascin or the ABD of α-actinin, which 
were unable to drive actin accumulation. This was thinkable, as Lifeact was probably 
crowded on the microtubule surface, and high concentration of actin monomers in 
close proximity to each other could induce efficient actin nucleus formation. Evidence 
supporting this theory was provided by a following experiment, in which the MBD was 
fused to actin. This experimental setup allowed to ask directly if concentrating actin 
monomers by clustering on microtubules was sufficient to trigger actin nucleation. And 
indeed, MBD-actin induced actin filaments on microtubules (Figure 3-30B) and thus 
supported the hypothesis that the actin filaments assembled by Lifeact likely originate 
from nucleation rather than F-actin recruitment. Nevertheless, the ability of a construct 
to solely bind G-actin was not necessarily sufficient to nucleate actin on microtubules, 
as the two WH2-domains of N-WASP did not induce actin polymerization (Figure 
3-31B). At first sight, this result opposed the idea that Lifeact can nucleate actin. 
However, effective nucleus formation might require a certain orientation and proximity 
of actin monomers to one another. This might be stochastically achieved by 
sequestering actin monomers by a peptide sequence as short as the 17 aa Lifeact. 
Although actin nucleation by clustering actin monomers is simple and apparently 
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feasible, this mechanism does not seem to be employed by cells. This is probably due 
to the fact that actin nucleation has to be highly regulated and only induced locally and 
in a temporally precise fashion for proper formation of functional actin filament arrays. 
The addition of a regulatory domain to an actin clustering sequence would most likely 
abolish its function regarding actin nucleation, which accounts for the much more 
elaborate actin nucleation mechanisms present in eukaryotic cells. It would be 
interesting to test, whether fusions of MBD with single WH2 domains e.g. derived from 
N-WASP, as well as other G-actin binding domains are also able to nucleate actin 
filaments or if Lifeact has unique features mediating actin nucleation on microtubules.  
4.10 Involvement of capping protein in Arp2/3-dependent actin 
structures 
A very interesting protein regulating the actin cytoskeleton is capping protein. It is 
enriched at the lamellipodium tip and RNAi experiments depleting capping protein 
indicated that it is crucial for lamellipodia formation (Mejillano et al., 2004). Additionally, 
capping protein belongs to the essential components of reconstituted Arp2/3-
dependent actin-based motility (Loisel et al., 1999). The major biochemical activity of 
capping protein is the binding to barbed ends, which terminates actin polymerization, 
but at the same time protects the filaments from disassembly (Cooper and Sept, 2008). 
In vitro, capping protein was also reported to be capable of actin nucleation (Caldwell 
et al., 1989), although the capping activity predominated (Cooper and Sept, 2008). A 
more recent study defined capping protein as a co-factor of Arp2/3 complex-dependent 
actin assembly, at least in vitro (Akin and Mullins, 2008). The ability of capping protein 
to nucleate actin filaments in vivo or to recruit the Arp2/3-dependent actin machinery to 
microtubules was examined in the MBD assay. MBD-capping protein β2 recruited the 
α1 isoform to microtubules, which indicated that the functional heterodimeric unit could 
be formed (Figure 3-38). Still, no actin filaments were assembled by MBD-capping 
protein, so the actin nucleation activity did not seem to be existing in vivo. Additionally, 
capping protein does not seem to be able to recruit activated Arp2/3 complex to 
microtubules.  
The localization of capping protein in vivo is largely restricted to the lamellipodium tip 
and possibly other Arp2/3-dependent structures, although the latter less established. It 
is entirely unclear how accumulation of capping protein in the lamellipodium tip is 
determined, and if Arp2/3 complex constitutes a determinant of capping protein 
localization or not. The MBD-assay offered the opportunity to test capping protein 
association with ectopic actin arrays nucleated by Arp2/3 complex or, in comparison, 
Spir-NT. In most cells transfected with MBD-VVCA, capping protein localized to the 
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microtubule network, as expected. In contrast, co-localization between Spir-NT-induced 
actin filaments and capping protein could only be observed in 18% of transfected cells, 
and the co-localization was not as strong as compared to MBD-VVCA (Figure 3-37 and 
Figure 3-36). Both the Arp2/3 complex and Spir-NT generate actin filaments with free 
barbed ends and actin nucleation by both proteins on microtubule surfaces was 
comparable strong. These data indicated that capping protein localization is probably 
not solely determined by the number of free barbed ends to which the protein binds, as 
expected, but that additional factors may regulate capping protein accumulation in 
Arp2/3-dependent actin arrays. The nature of these proteins remains mostly unclear. 
Another protein prone to be analyzed in recruitment studies using the MBD-assay is 
cofilin. As capping protein, cofilin is essential for reconstituted actin-based motility 
(Loisel et al., 1999). Using in vitro assays, cofilin was found to be able to both 
depolymerize and sever actin filaments (Bamburg, Harris, and Weeds, 1980; 
Ichetovkin, Grant, and Condeelis, 2002; Maciver, Zot, and Pollard, 1991). Different 
models have emerged to explain how cofilin triggers actin polymerization. On one 
hand, cofilin-mediated actin filament depolymerization could enhance the concentration 
of actin monomers that can be newly incorporated into actin filaments (Carlier et al., 
1997). The severing activity, on the other hand, was suggested to increase the number 
of free barbed ends ready for polymerization (Ichetovkin, Grant, and Condeelis, 2002). 
In vivo, cofilin was postulated to directly promote actin polymerization by generation of 
free barbed ends and to induce protrusion (Ghosh et al., 2004). However, knockdown 
of cofilin decreased lamellipodia width and actin turnover was reduced in lamellipodia 
(Hotulainen et al., 2005), which was attributed to delayed depolymerization and 
turnover in the absence of cofilin. These findings were supported by FRAP analysis of 
cofilin in lamellipodia, as it localizes to the entire lamellipodium and turned over rapidly 
throughout the structure. This behavior was inconsistent with promoting actin 
nucleation at the tip (Lai et al., 2008). In order to unequivocally exclude a role for cofilin 
in actin filament nucleation, it would be interesting to probe its effects upon MBD-
mediated clustering on the microtubule surface. Furthermore, co-expression e.g. with 
MBD-VVCA with or without downregulation of cofilin by RNAi would allow the 
examination of its potential to promote Arp2/3-dependent actin assembly, as proposed 
(Oser and Condeelis, 2009). 
4.11 Concluding remarks 
The MBD-assay has emerged as a versatile tool for the investigation of actin 
polymerization in vivo. During the characterization of the assay, it could be 
demonstrated that actin accumulation on microtubules seems only to occur through 
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actin nucleation, yet the applicability of the assay is not limited to test potential actin 
nucleators. Ectopic targeting of different actin nucleation machineries to microtubules 
allows the comparison concerning the ultrastructure of the resulting actin filament 
arrays as well as the detection of proteins that are co-recruited to different nucleators, 
which could help to dissect the underlying mechanisms. As displayed in the EM 
tomogram, the actin filaments polymerized on microtubules were not arranged into a 
well ordered structure such as the lamellipodium. This indicates that the activity is 
restricted perhaps to actin nucleation and polymerization, which is ideally suited to 
directly assay the impact of a given factor to specific actin assembly mechanisms. For 
example, it is now possible to induce ectopic actin filament arrays using distinct actin 
nucleators in cells depleted for a given protein via RNAi or a knockout approach to 
compare its relevance in different nucleation mechanisms. One example for such a 
study might be capping protein, which has been shown to be crucial for lamellipodia 
formation; yet it is still unclear if capping protein directly influences actin nucleation 
mediated by Arp2/3 complex in this structure. As loss of capping protein might 
abrogate lamellipodia formation not exclusively due to loss of Arp2/3 complex function, 
our MBD-assay as gain-of-function approach can now be used to ask whether or not 
capping protein is essential for MBD-VVCA-induced nucleation and thus Arp2/3-
dependent actin assembly. Using the MBD-assay, the function of cortactin in Arp2/3 
activation could be assayed for the first time in vivo. Not entirely unexpected, cortactin 
did not act as NPF and neither induced actin accumulation nor recruited the Arp2/3 
complex. However, cortactin co-recruitment to Arp2/3 complex-induced actin filaments 
confirmed its potential role as a modulator of Arp2/3-dependent actin assembly. In spite 
of extensive research on cortactin in the past ten years, we are only beginning to 
understand the function of cortactin in the living cell, thus future studies will have to aim 
particularly at defining the role of cortactin in regulating Rho-GTPase activity, InlB-
mediated uptake of Listeria and the precise function in Arp2/3-dependent actin 
nucleation. 
                                                                                                                           Summary 
5 Summary 
Actin polymerization is a fundamental cellular process driving as diverse functions as 
cell migration, endocytosis, intracellular transport, cell division and adhesion. To fulfill 
its various tasks in the cell, the assembly and disassembly of actin filaments has to be 
highly regulated allowing only temporary and local formation of actin filament arrays 
that result, for instance, in directed movement of a cell. Cortactin was identified as 
Arp2/3 complex activating protein that stabilizes actin branches in dendritic actin 
filament networks. Particularly the characterization of cortactin KO cells has challenged 
this role in Arp2/3 activation, as lamellipodia formation as well as endocytosis was 
normal in the absence of cortactin. In this thesis, the implications of cortactin in 
migration, podosome formation and on Arp2/3 complex activation were determined. 
The observed migration defect in cortactin-deficient cells could be restored by 
overexpression of constitutively active Rac1 and Cdc42, whose activities were 
decreased in cortactin KO cells. This suggested that cortactin might promote cell 
migration by contributing to the activation of Rho-GTPases. Cortactin was also found to 
be essential in InlB-mediated uptake of Listeria, which did not result from defective 
signaling of InlB to induce actin rearrangements, but must be due to other, so far unde-
fined reasons. Moreover, I established that macrophages from cortactin KO mice as 
well as mice deficient in both cortactin and HS1 were able to form podosomes, confir-
ming the lack of an essential function of cortactin in Arp2/3-dependent actin assembly.  
In a second project, the ability of cortactin to directly activate the Arp2/3 complex was 
tested in vivo. For this purpose, a microtubule-based actin polymerization assay was 
established targeting actin nucleators or NPFs to microtubules. The characterization of 
the N-WASP-VVCA domain coupled to the MBD of MAP4 showed that actin 
polymerization was induced on microtubules and depended on the presence of the 
Arp2/3 complex. MBD-VVCA-mediated actin filaments were short and unorganized on 
the microtubule surface, and the actin polymerization induced was instantaneous and 
continuous. Interestingly, cortactin fused to MBD did not induce actin filament assembly 
on nor recruit the Arp2/3 complex to microtubules, in line with accumulating evidence 
questioning an essential role for cortactin in Arp2/3 activation. However, cortactin was 
secondarily recruited downstream of Arp2/3-dependent actin assembly demonstrating 
its intimate connection to the Arp2/3 complex. By using the MBD-assay, it was possible 
to recapitulate all known actin polymerization mechanisms including Spir- and formin-
mediated nucleation in vivo. It could further be demonstrated that the A-domain of N-
WASP is not essential for, albeit helpful in Arp2/3 complex activation. 
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6 Abbreviations 
aa       amino acids 
ABD   actin binding domain 
Abi       Abelson interactor 
Abp      actin binding protein 
ActA      actin assembly-inducing protein  
ADF      actin depolymerizing factor 
A-domain    acidic domain 
ADP      adenosine diphosphate 
Arp      actin-related protein 
ATP      adenosine triphosphate 
bp       base pairs 
CaM      calmodulin 
Cdc42   cell division control protein 42 homolog 
C-domain    central domain 
CH       calponin homology 
Cobl      Cordonbleu 
Cre      cyclization recombination 
CRIB      Cdc42/Rac interactive-binding 
C-terminal   carboxyl-terminal 
DAD      diaphanous autoregulatory domain 
del       deleted 
DID      diaphanous inhibitory domain 
DMEM     Dulbecco’s modified Eagle's medium 
DNA   desoxyribonucleic acid 
Drf       diaphanous-related formin 
ECM      extracellular matrix 
EGF      epidermal growth factor 
EGFP     enhanced green fluorescent protein 
EHEC     enterohemorrhagic Escherichia coli 
EM      electron microscopy 
Ena      Enabled 
EPEC     enteropathogenic Escherichia coli 
ER       endoplasmic reticulum 
ERK      extracellular-signal-regulated kinases 
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ES cells   embryonic stem cells 
EVH1     ena/VASP homology 
FACS     fluorescence-activated cell sorting 
F-actin     filamentous actin 
FAK      focal adhesion kinase 
FCS      fetal calf serum 
FGD1     faciogenital dysplasia 1 protein 
FH       formin homology 
fl       floxed 
Flpe      Flippase 
FRAP     fluorescence recovery after photobleaching 
frt       flip-recombinase targets 
G-actin     globular actin 
GAP      GTPase-activating protein 
GBD      GTPase binding domain  
GDI   guanine nucleotide dissociation inhibitors 
GDP      guanosine diphosphate 
GEF      guanine nucleotide exchange factor 
GTP      guanosine triphosphate 
HGF      hepatocyte growth factor 
HS1      hematopoietic specific 1 
IcsA      intracellular spread protein A 
InlA/B     Internalin A and B  
IRSp53     insulin receptor tyrosine kinase substrate p53 
JMY      junction-mediating and regulatory protein 
KIND      kinase non-catalytic C-lobe domain 
KO       knockout 
loxP      locus of X-over P1 
MAP      microtubule-associated protein 
MBD      microtubule binding domain 
MBL      monomer-binding linker 
mDia      murine diaphanous 
MEF      mouse embryonic fibroblast 
MEKK     MAP kinase kinase kinase 
Mena     mouse Enabled 
Nap      Nck associated protein 
NPF      nucleation promoting factor 
NTA      N-terminal acidic domain 
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N-terminal   amino-terminal 
N-WASP    neuronal Wiskott-Aldrich syndrome protein 
PAK      p21 activated kinase 
PBS      phosphate buffered saline 
PCR      polymerase chain reaction 
PDGF     platelet-derived growth factor 
Pi       phosphate  
PI3 -kinase   Phosphatidylinositol 3-kinases 
PIP2      phosphatidylinositol 4,5-bisphosphate 
PKC      protein kinase C 
PKD      protein kinase D 
PRD      proline-rich domain 
PVDF     polyvinylidene fluoride 
Rac      Ras-related C3 botulinum toxin substrate 
Rho      Ras homolog gene family member 
Rif       Rho in filopodia 
RNA      ribonucleic acid 
RNAi      RNA interference 
rpm      rounds per minute 
RPMI     Roswell Park Memorial Institute medium 
Scar      suppressor of cAR 
SDS-PAGE   sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SH       Src homology 
SHD      Src homology domain 
SPF      specific pathogen free 
Sra      specifically Rac associated protein 
TBS-T     Tris buffered saline Tween 
TIRF      total internal reflection microscopy 
TOCA     transducer of Cdc42-dependent actin assembly 
VASP     vasodilator-stimulated phosphoprotein 
V-domain   verprolin homology domain 
v-Src   viral-sarcoma 
WASH     Wiskott-Aldrich syndrome protein and Scar homolog 
WAVE     Wiskott-Aldrich syndrome verprolin homologue protein 
WH2      WASP homology 2 
WHAMM    WASP homolog associated with actin, membranes and microtubules 
WIP      WASP interacting protein 
WT      wildtype 
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9 Appendix 
9.1 Supplementary video legends 
Video 1: MBD-VVCA recruits the subunit p16B of the Arp2/3 complex to microtubules. 
Video 2: MBD alone does not induce actin accumulation on microtubules. 
Video 3: The Arp2/3 complex is not recruited to the isolated MBD on microtubules. 
Video 4: MBD-VVCA induces actin accumulations on microtubules. 
Video 5: Actin is instantaneously polymerized on a growing microtubule coated with 
MBD-VVCA. 
Video 6: Actin filaments are rapidly disassembled from a shrinking microtubule 
decorated with MBD-VVCA. 
Video 7: MBD-cortactin is not able to induce actin polymerization on microtubules. 
Video 8: MBD-cortactin does not recruit the Arp2/3 complex to microtubules. 
Video 9: MBD-tagged cortactin 1-84 is not able to trigger actin nucleation on 
microtubules. 
Video 10: MBD-cortactin 1-84 does not recruit the Arp2/3 complex to microtubules. 
Video 11: B16-F1 cell moving on laminin and expressing EGFP-tagged, full-length 
cortactin and mCherry-actin. 
Video 12: B16-F1 cell co-transfected with EGFP-cortactin 1-146 and mCherry-actin. 
Video 13: Migrating B16-F1 cell expressing EGFP-cortactin 1-84 and mCherry-actin. 
Video 14: MBD-Drf3ΔDAD polymerizes actin on microtubules. 
Video 15: MBD-Spir-NT nucleates actin filaments on microtubules. 
Video 16: MBD-VV does not assemble actin filaments on microtubules. 
Video 17: MBD-VV is not able to recruit the Arp2/3 complex to microtubules. 
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Table 9-1: Distribution of genotypes and sexes of heterozygous crossings of mice 
carrying the cortactin deleted Neo allele and corresponding probabilities for the 
observed numbers 
Genotypes and sexes of 
heterozygous matings 
Expected 
(theoretical) 
Observed 
(actual) 
Probability 
(χ2) 
Total 
Female 73 67 0.321 
Male 73 79 0.321 
Wildtype (wt/wt)   36.5 46 0.032 
Female 23 20 0.376 
  Male 23 26 0.376 
Heterozygous (wt/del)   73 76 0.032 
Female 38 33 0.251 
  Male 38 43 0.251 
Homozygous (del/del) 36.5 24 0.032 
Female 12 14 0.414 
Male 12 10 0.414 
 
 
 
Table 9-2: Distribution of genotypes and sexes of heterozygous crossings of mice 
carrying the cortactin deleted allele and corresponding probabilities for the observed 
numbers 
Genotypes and sexes of 
heterozygous matings 
Expected 
(theoretical) 
Observed 
(actual) 
Probability 
(χ2) 
Total 
Female 153.5 176 0.010 
  Male 153.5 131 0.010 
Wildtype (wt/wt)   76.75 70 0.099 
Female 35 33 0.363 
  Male 35 30 0.363 
Heterozygous (wt/del)   153.5 172 0.099 
Female 86 103 0.010 
  Male 86 69 0.010 
Homozygous (del/del) 76.75 65 0.099 
Female 32.5 33 0.901 
Male 32.5 32 0.901 
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Table 9-3: Distribution of genotypes and sexes of crossings of HS1del/del/CttnWT/del and 
corresponding probabilities for the observed numbers 
Genotypes and sexes of 
heterozygous matings 
Expected 
(theoretical) 
Observed 
(actual) 
Probability 
(χ2) 
Total 
Female 87 93 0.363 
  Male 87 81 0.363 
Wildtype (wt/wt)   43.5 46 0.624 
Female 23 24 0.768 
  Male 23 22 0.768 
Heterozygous (wt/del)   87 90 0.624 
Female 45 48 0.527 
  Male 45 42 0.527 
Homozygous (del/del) 43.5 38 0.624 
Female 19 21 0.516 
Male 19 17 0.516 
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